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i. STAT~~fENT OF PROBLD~

The research supported by this contract was concerned primarily vith (1)

the electromagnetic andes and (2)  the radiation pattern characteristics of

contenporary injection laser structures . The objective of this work was to

investigat, lacer structurea which can produce stable—be~~ radiation patterns.

Because the radiation pattern in the plane of the p/n junction of many

injection devices is influenced by the cavity geometry . stable—beam patterns

can be obtained only from device , with proper and efficient control of the resonant

cavity modes .

The control of lateral fields in lasers has bean accomplished with many

novel devices such as the channeled—substrate—planar , buried b .terostructure

and s t r i p—lo ad ed wav.guid.. These devices tend to be xtr~~ely complicated

tectmologically so tha t it is advantageous to produce structures such as the

simpl, stripe g.oa.try device . The present drawback to the stripe laser is that

it is laterally unstable. Much of our work has been aimed at rigorously -

modeling the electroma gnetic modes of stripe lasers. We have also applied our

analysis to other lasers such as the channeled—substrate-planar device.

_ _  

_



- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _____ , - ~~~~~~-—-. -~

2. SUMMARY OF RESULTS
I

The rapid deve lopment of semiconductor laser technology since the aid 1960 ’ s

has pushed the field of optical comeunications to h igh levels of pro mise . Early

modeling of the elect roma gnetic modes charact er in the plane perpendicular

to the p/n junction was successful because the optical fields were confined

due to t he incorporation of optical barriers at hetero j unctLons . 0~ Original

cavity thicknesses (listance between heterojunctionl were d 1 a (Fig. 1).

M( TAt. 
— 

Fig. 1 Cross section of a

I I  ~~~ 
— stripe geometry laser structure .

cap s.a. The active layer is bounded by

coNr.SNS the two AlGaAs layers .
LA Y C S 515aM —~

ACT IVI I
LAYtS

COP 1NINS AISSAS
LA YES

In an effort to reduce the current density at threshold the i avit~i thickness

was reduced to values d O.2~~m. These small thicknesses play a major role

in the influence of the lateral mode behavior . The intense electric field in

the cavity tend s to stimulate recoabination of electron/hole pairs and thus

depletes the carrier density at the peak points of the optical field . To put

this phenomena in perspective we Sust understand the mechanisms producing

lateral confin .nt of th. optical fields . Optical mode guiding along the

lateral direction occurs because of changes in the real and imaginary parts

of the die lectric constant . In stripe lasers , the optical mode is confined

I
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to regions directly below the stripe. Thus the dielectric constant below the

strip , differ s from its value in lateral adj acent regions bordering the stripe

region. For example , in Fig . 2 we show a cross section of a spec ific laser ;

y//////// /) ~~~~~~~~ 1~/////////
OXID E LA YE C ~?/

‘MC1AL%4 $IO~

____________________

Z 3~’m CURRENT
Ol7~ m—1 ~

PASSIVE • ACTIVE REGl0~
*5 ~IS~im MO $$ 5SO .5*5

Fig. 2 Stripe contact laser with active region width Wa
Mode gain occurs in the active region while losses take

place in the passive regions .

the active reg ion is below the strip e while the passive regions are below the

oxide layer . Factors affecting the dielectric distribution are :

1) Cain in the active and loss in the passive reg ions,

2) Lateral temperature variations ,

3) Carrier density variations.

Whn the peak optical field depletes carriers under the stripe, the gain

changes accordingly . Thus the refractive index changes according to (1) and

( 2) above .

In our work we have shown how asymeet ric modes can be excited when

the die lectric distribution becomes distorted . (2) These asymeetric modes

cause extreme distortions in the rad iation pattern . Furthermore , the amount of

distortion is current dependen t which reflects perturbation in the die lectric

profile.
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Another major accomplishneat of our work is the first rigorous modeling

of the cavity modes.~
3 ’~~All previous analyses of the electromagnetic modes

of stripe lasers have been approximate . We have shown that the vertical and

lateral modes of cavity structure are interconnected and that a complete

boundary value solution of the lateral modes must include interaction with

vertical field distributions.

With laser fabrication technology developed at its present level, it is

possible to reproducibly grow thin epitaxia]. layers such as those in Fig . 1.

Consequently, it was necessary to explore the nodal effects of the lasing

field extentions into the various layers of Fig. 1. In our work we have

accomplished an extensive analysis of the effects of device geometry on lateral

mode behavior in stripe contact and channeled—substrate—plana r lasers.’5’6~

As mentioned previously, the problems of lateral mode instabilities

in stripe contact lasers have been paramount because there is a -lack of

lateral index guiding. Optical stripline structures have a “built—in ” lateral

index ~~~~~~~ Consequently, we have modeled the stripline in an effort

to evaluate tts mode behavior as an injection laser .~
8
~

Finally, we have devised an experimental technique for estima t ing

refractiv, index steps of passive vaveguides.~
9
~ The intent of this effort

was aimed at evaluating sode behavior of a laser structure in its wafer form.

After the laser w~fer is processed , slivers are cleaved (the width of the cleave

actually form s the laser length). The slivers are then saved to form the

actual devices for mounting. Using our technique the vaveguiding properties

of the lasers in sliver form can hi evaluated before final processing.

C
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Introduction

The research carried out by thi s project is aimed at

understanding the two—di mensio nal radiati on characteristics of

semiconductor injection lasers. Basically , the radiation pattern

characteristics of injection lasers can be divided into two

catagories : (1) the pattern in a plane perpendicular to the

junction plane and (2) the pattern in the plane parallel to the

junction. Much of the previous work in the literature is concerned

with the pattern characteristics in the plane perpendicular to the

j unction. This is , of course , re lated to the fact that the mode

structure perpendicular to the junction (the x—direction in Fig. 1)

can be easily modeled using multilayer waveguides. On the other

hand, very l i t t le modeling of the transverse W modes (y—direction of

Fig. 1) has been made . This is primarily due to the fact that the

optical field confinement along the y—direct ion is not well under-

stood for some laser devices. In addition, the W mode se lection

characterist ics are not well understood. For .~smp1e , some stripe

geometry lasers operate in high—order transverse W modes , yet the

high —order modes have less optical feedback than some of the low orders.

In an effort to under-stand the waveguide characteristics of

the tr ans verse W—.o des , vs are modeling the radiation pattern in the

y i  plan..
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Research Direction -

The simple Fourier transform formul a ~~~~~ to connect the far-’

field radiation pattern and the near field ha-s bean used to analyze

the transverse direction radiation phenomena. In most cases, the

measured pattern is somewhat sharper than the theoretical one and at

8 • + 90’ (along the z—axis of Fig. 1), the simple Fourier trans form

formula does not lead to a null point at the facet. From rev optics,

Snail’ s law indicates there vii ]. be a null at 8 90 due to the

total internal reflection. Butler et a] ..5 represented a mode by a

spectrum of plane waves and determined the transmission characteristic

of each plane wave . They compared calculated values with experimental

patterns to determine the device geometry and dielectric par~~eters

of various laye rs . Rockham6 used a rather complicated procedure to

obtain a formula which added a new factor to the Fourier transform

formula. L.vin inte rpreted this term as “Huygens obliquity factor”.

Both Butler ’s and Hockhae ’s formula applied the saddle—point asymptotic

technique to evaluate integrals and a cos 8 term was obtained to

satisfy the Snell’s law at 0. + 90’. Recently , L.evin
8 
included a

a multiplier into the radiation equation by using a weighted average

resulting from the mode— conversion ef fec ts  occurring on the laser—air

interface . This method is relatively accurate and also can be used to

calculate modal reflectivity which compares well with Ikegaai’s9

numerical calculation. Reinhart et .1.10 proposed a method for cal—

culating the modal ref lectivity by decomposing the modal fields into

an infinite number o f plane waves ; the plane wave reflecti on co efficient

was used to obtain the nodal reflection coefficient.

- 
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The above considerations are based on a one d’ e”~ional model.

It is assumed that the face t fields are uniform along the junction

(lateral direction ) . The research in this project is concerned with

the model structure in the lateral dir ection which relates also to

the radiatio n pattern in the plane parallel to the junction. Con-

sequently, a model of the laser cavity is b.ing devel oped to modal

the lateral cavity dimensions . This model will be applicable to

presently fabricated devices such as stripe—geo me t ry lasers 33 , buried

beterostructure laaers~
2, and internally striped planar lasers .13

Gordon~
4 extended Reinhart ’ ~~~ model from one to two dimensions

which covers the finite wave guide width in junction plane , howeve r , no

explicit relation between the reflectivity and the stripe width has

been explored. Nash 15 assumed that the gain under the stripe contract

and the loss outside t he stri pe will produce a complex dielectric

constant and gain with parabolic shape along the junction plane due to

the current spreading unde r the stripe . Experimental evidence was reported

by Cook and Nash’6 for gain—induced guiding and ref ractive -index

antiguiding along the junction plan e of the st ripe — geomet~~ DII lasers.

In the direction normal to the junction plane (transverse direction),

the fields ar. confined by the index steps between the active region and

the surrounding passive medium and have the sinus ioda l shape . The modes

can be restricted to the lowest order by making the active region very

thin or index step very small. However , along the junction plane, the

mode structure remains somewhat uncontrollable despit. the introduction

o f th. strip. contact. We have investigated the two dimensional radiation

pattern and mode reflectivity. The active region under the stripe is

-I 
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tr eated as an antenna aperture and a rectangular waveguid. model is

applied to study the radiation and modal reflectivity. Although,

the change of index along the lateral direction is continuously

varying instead of abrupt ly changing, th. gradient of the refractive

index can be neglected wh en the inde x variation is slow. The

trans mitted field can be obtai ned by matching appropriate fields at

the laser—air interface . The half—power b.a~~idth in the transverse

direction compares veil with experiments while the lateral half—power

bewr idth has a narrower value than the measured one. This may be

due to our neglecting the loss outside the stripe in th. active region.

The two dimensional modal reflectivity has been obtained by

weighted average of the electric field with a specific multiplier to

Inclu de the e f fec t  of mode conversion. The relation between the

reflectivity and the strip . width is shown. The fundamental lateral

node has the largest re flectivity f or typical stripe widths except near

the cut—off width of the higher lateral modes. For lar ge strip. widths ,

all modes approa ch the asymptotic value which can be obtained from the

one dimensional model.
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HALF-POWER CONTOUR

Pig. 1 Radiation fron the end facet of an injection laser . The facet is located
in the x-v plane with the a—axis normal to the facet. The half—power
beam width s 8~and O

~ 
are measured in the planes perpendicular and

parallel to the junction plane.
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Introduction

The research performed on this project has been directed toward

the analysis of semiconductor laser modes in the plane of the junction.

(Mode confin~~ent perpendicular to the active region is due to the

grown heteroj unctioni- - while confinement along the junction plane is

associated with the devi ce geometry . In the case of the stripe—geometry

1~~er, confinement is due to the s tri pe contact as shown in Fig . 1.)

More specifically, we give brief results of our work concerned

with: (~) a new waveguid. model developed for stripe geometry lasers ,

( )  a comparison of theoretical and experimental radiation patterns in

the plane of the junction (this pattern is tied to the lateral wave guide

geometry), and (3) two dimensional mode reflectivity data

Research Direction

In Fig. 1(a) we show a cross section of the laser geometry while

in (b) we show the detailed geometry of the active region . In the

direction normal to the junction plane (trans verse direction), the fields

are confine d by the index steps between the active region and th. sur-

rounding passive media and have the sinusoidal shape . The mode can be

restricted to the lowest order by waking the active region very thin or

the index step very sm.a~~. . Howeve r , along the junction plane, the mode

structure remains s omewhat uncontrollable despite the introduction of

the stripe contact. The active region under the stripe is treated as an

antenna aperture and a rectangular waveguide model is applied to study

the radiation patte rn and mode reflectivity .

Figure 2 shows the far—field radiat ion pattern in both th. transverse

(vertica l) and lateral (hor izontal ) directions . The structure has

02 • 3.6, n
~ 

• • 3.46, n4 • n5 — 3.595, d • 0.25 ~~~~~, and 2w • 13 ‘.a.
Th. vertical direction radiation pattern i~s shown in Fig. 2 (a) where

the half power beamwidth ii 40.5’ and is roughly the seme as the one

obtained from one dimensional model . The lateral direction

radiat ion patte rn has ~ 3.6’. This is somewhat narrow than the measured
result which is show n in Fig. 2 (b) . This discrepancy way be due to the
g
~
certath esti mation of a4 and outside the acti ve region in lateral

J directio n . Also, the difference way be due to th. fact that losses in

regions 4 and 5 , outs ide the active region , were neg lected.

1
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To more accurately modal the radiation pattern in the horizontal
direction, a waveguide geometry different from that shown in Fig. 1 must

be explored. Current spreading under the stripe contact primarily deter—
mines the field distribution in lateral direction. A dascrepancy between

measured and calculated results way be due to the fact that current
spreading was neglected. The refractive index does not change abruptly .

Recently , Cook and Nash1 claimed they found experimental evidence to

show that lateral field confinement L.a due to: (1) gain—guiding , and

(2) index anti—guiding. Overall, the gain induced gu .snce is predominant.
In order to approximate the gradua l change of the index, we app ly the

five—layer ~~del2 to represent the lateral direction change . For

s implic ity, only three—layer structure is considered in vertical direction.
The model of the vaveguide structure is shown in Pig. 3. We ass u~ that

the cente r region 3 has strong gains 50 cm~~ with large thick ness ;

regions 2 and 4 have less gains 20 cm 1 with narr ow widths . Howeve r , the

outer regions 1 and 5 , outside the stripe contac t , have losses —10

In order to include the anti—guiding ef fect , we asstme that the center
layer has the lowest index 3.599 in lateral direction; two surrounding
regions 2 and 4 have indices 3.5995; and two outer regions 1 and 5 have

indices 3.6. The vertical confinement comes from the heterojunction index

steps in which we have n6 • n.. — 3.46 , 03 • 3.599.

By suitab le width adjustment of various regions and choosing gain—

loss values , we can fit the calculated lateral radiation pattern to a
measured one very accurately . For example, we choose d1 - d3 • 2.625 t~~ ,

d2 — 8.75 ~~ and the index and ga’in/loss values of various regions as

above in which the gain guiding and index anti—guiding effects are con-

sidered. Th. resul t is shown in Pig. 4. Th. calculated half power beam-

width ii 7.2’ which is about the s e  as th . measured one.

Finally , the modal ref lectivit y of variou s two—dimensional modes

has been obtained as a function of th. strip , width. The results are shown

in Fig. 5. (The paraseters are listed in the figure.) We notice that the

fundamental lateral mode has the largest reflectivity except near the cut-

off width of the higher lateral modes. This means that the l ower order

lat eral modes have a better chance to oscillate than the highe r orde r ones.

Also, there are minimal values near the cut—off stripe width of the various

2 

—_



lateral modes . As the stripe width is reduced further, the reflectivity

of highe r ord ers increases very sharply and may have a value larger

than the fundamental mod.. Generally, the lateral fundamental mode has
the highest reflectivity . On the other hand, at large stripe widths

0 R~ , the one dimensional reflectivity.
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Fig. 3. Five layer model is used to approzimate the lateral

direction fie ld distribution . The gain—guiding and

inda-antiguiding are shown.
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BRiEF OUTLINE OF RESEARCH FINDINGS

Th. work during this previous period has b.en aimed at develop ing a
comprehensive model of the stripe geometry laser structure . Typical
Laser wafers are fabric ated br growing *.dtipl. layers of (Al Ca)A.
with varying percen tage’- of Al and a final layer of GaAs. Contemporary
structures have very narrow active layers (

~
. 0.1 - 0.2 ia) with small

amounts of Al (.  !~~ ). The active layer is genera .ly sandwiched
between two (Li. Ca)Aa layers containing approxima tely ‘~~~ Al. Th.
final LPE growth laye r is GaAs which is used to facil.tate the forming
of meta l lic conta cts . Mowever,first SiO~ s deposited over the grown GaAs
layer. Narrow stripe s of Si02 are removed to form th. Light pro pagation
axis. Fina lly , th. metal layer is deposited over the S102 and GaAs stripes.

The stripe metallic contact to the GaAs cap thus forme a path of current
flow through the grown layer , . The object of th. stripe is to limit the
lateral current spteading and to laterally confine the recombination region
in the thin active layer.

The mathematical model which we are  p r e s e nt l y  developing will allow for
e complete analysis of mode characteristics in stripe lasers . This model
takes in to account the complete details of the active region , the grown
confining layers , the GaAs cap , arid finally the SiO-, — metallic layer
for d over the GaAs. We have developed design curves which correlate
the number of lateral w ave guide modes with the stripe width and the level
of pumpimp of the act ive repion . The calculations sho w that lateral
mode ‘rabil itv becomes a pro~ ~~ when lasers must be pumped at high levels.
Lasers designed for single mode operation must be pumped at low levels.
The complete details of our analysis are in preparation.
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BRIEF OUTLINE OF RESEARCH FIND INGS

Much of the work over the ;~rev i~~j s period has beer concerned with a study ~‘fmodes i~ str ipe geometry inject ion lasers . It has been found experimentally that
oxide stripe asers frequent v produce radiat~ or. patterns with major lobes cocked
at slight angles (0—10 ’) w ith respect to the normal of the end facet .  In addition,
the lobe direction is a function of drive current. (Obvious application
consideration s ~nvo1ve ;oupling laser output power to optical fibers. It is
important to reduce beam jitter to  obtiin optimum coupling.) In an effort  to
un~~rstand the lateral patterns we have modelled s tr ip e lasers with an asvmeetric
d1e lectr ~~ pro fi le. The theoretical patterns of our model also produce
asymeetric patterns . Consequently , we conclude that pattern instabilities
are produced by laterall y changing die ectr ic profile s .

~~n a l v , most •~ f the e tr ~ r gnrt ic  mode ls of i r lec tior  lasers with
stri pe contacts are insu ffi cient .r, their descript~ otm of .ateral modes.
~.e have deve ic~.eJ a new mathematica l model usefu for analv:ing the f ield

F~’t examr~1e , • t c s ’ - ~~n~~ a 1a~era ~araho11c d ie lec t r i c  r r of i l e
~ • ~~~~~~~~~~~~ ~~ ‘~~t ’ arc ~-r ~~~~ a~ . near (~O~~~• ~fla~ CI }tI~ t (~~~ -d uS~ - . .e- .

fu~~~t~~~n~~. ~‘revi~~t s ana l -s e’. have assumed tha t la ter a  n:~~es are dcs~ r~.h ’.~dby S~ flg e Hernite—Gaus sian f un ; t io ns .  For a g~ ve-.parabc’lIc pr ofile , the
new mode l sh~ws t~~ the lateral  f l t- . c  d is t r ihu t  ion of t h e  lundam ental mode
s~’ rej ~~ s ~ ‘re thar that ~‘h~ ained using :‘revi ous rcde ’.f. Consequenti’ , the
rad iat: beamwidth wil l  d’-~~ v a c e .  ~~: t h  the more a c c ura t e  descr ipt ion of
~~~e :ateca : modeq we c a o  her. obta:r .~~~~~- .-e~ c d ie le c~ r : c  r rc~~i1es ~ hI~~ arc
governed by the device £e~~ t tr\ .
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*ASY)tM.ETh1C MODES N OXIDE S 1~1PE HETE~OJL TiO? l~ SEP.~

.3. K . butler and H. S. So~mners , .lr.
RCA Laboratories

Princeton, K. .3. 08S..(

A3STRACT

The region bervee~ the pair of heteto~unct~ons cf an oxide—stripe laser i~~

node ’ l rd by a ste~ pcof tle i t.  t h e  lateral d~ str ~ hutior . ~paralle1 to the heterc-

unct ions of the ga~t~ and cf the refractive index, in an attemp t to gain insight

about the 1nter;-reta t~ c’t of the asv~~et r~ c radiatior patterns frequently observed.

A region of v id t ~~ ~.. e~ c c i c  w t t h.  the stri r ’e cc ’ : i tact is subdiv~ced into threea

sect io ns , each of vh~ ch the gair. az-~d cx are ur.ifo~~~, The ste~ heights for the

ga~r. d is t r i t’ut~ on anc for  the n~Iex dist r ibut ion ac e giver. complementary s vmeetrv,

vi th the ga it x i~~u~ su perimposed ct the index minimum. Asv~~etry is introduced

by ace ral sh if t of the extrema at fixed 
~~~~~

. ~~~th value r of gain, index step ,

and 
~ 

tnat seer re ascn ahle f o r  the laser studied , the near and far fields repro-

duce the measured rrcfIles of a representative 10 ..r st’ ipe laser. The o f f se t

of the spontaneous rccfile is about 3 ur fror the center of the stripe , and the

bean has a single lobe for iii low order modes wi t h o f f set of order 5’ from the

facet normal. Because of th. near cancellation of gain guiding by ind*s anti-

guiding which is required to give the observed asv,irietries . th. propagat ion con-

stant becomes very sensitive to injection level~ th i g  may erplain the observed

non-monotonic change of modal power and the very rapid shift of modal wave-

len ;th with current.

‘wor k supported in part by the U.S . Arr’- Research O f f i c e .
‘Permanent address , Southern Method ist University , fl~~las , TX ~~~~
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ABS IRA C

LATERAL MODt~ OF STRIPE CEO~~TRY INJECTIOK LASERS

1~. but ler and .1. B. beiane~
Southern Methodist t’niversi t~-

~~llas . TX ~~2’~

A new mathemat~~ a mr ae useful for analv :ing latera l modes of

Str~ c’e geometr~ lasers is c-resentec . The oxide stripe laser ~s modele d

as a three lay er wavegu~ dc i t  wt~ch the d:electr:c constant of the active

avec varies only aior .g the atera direction ; the die lectr ic constant

of cr~e surround : tas sive layers is assumed c. be pc’sltlor. indenendent .

The solu:~ or zec ~ r-içue affords a rigorous matching of the f~ e2ds c-f the

active aver vtt~ thc’r of tne serroutd~ ng passive a v e r r - . Ic’ illustrate

the model, the modes c-f a waveguide vtth. parabol ~ c d ie lec t r i c  var~ at io t

along the lateral d~ rectior are ~nvertig ated . The fields are vr~ t ta r. as a

linear co~~-ir .atior . c-f Her te-~ auss~ an (h-G f unc t ions : heretofore ,

f i e ld s  have beet ces~-r:bc~ v~ u- a sing e H—~ f u t c t ~~c’r.. The lateral f~~~ d

d~~~ s t c ~~~ r . u t i o r  of uc Iu ~ damcntaI r-dc spreads r.’rc- that the one obtained

using single H—C functions . Fundamental mode spread (sp ot sire at

halfpover) is ca lcu la ted and related to the gai t d istribution . In addition ,

the Deak gain field s a r e  determined at thresh old for var ious waveg u ld c

~eome t ti cs.

‘Suoported by the I. S. A rr” Research Office.
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BRIEF OUTLINE OF RESEARCH FINDINGS

Over this last period we have developed for the first t ime a mathematical’
odal b r  anaivzing the optical fie lds of str ipe g.oaetry inj.ction lasers. .

The ala here has been to develop such a model so that an accurate description
of the latsral dielectric profil. can be used for analyzing the lateral
modes. Previous work on thi. grant has shown the important result: asv.-
metric dielectric profiles (asymeetric about the center of the strip. cont.actt )
lead to a distortion of the mode radiation pattern. With our neW rigorous
model com plete radiatio n patter n behavior can be understood .

in t~~ii previous period we have developed a model which describes the n~~ber
of lateral modes which mar propagate in stripe geometry lasers and related
devices. This study also addresses the problems of “ki-nk~ ” or the high non-
lineariti es in the P—I diode c~taracteristtcs. These kinks are primarily
caused by the drive sensitive dielectric profile which of course governs the
mode pattsrn and the mode content.

In conclusion, we have greatly increased our understand ing of the performance
characteristics of various laser devices . It is clear that the classical
strip.—gec..tr~ devices will have to a certain degre. mode stability and
patter n distortion problem s .
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AISTRAC

LJ~TtRAL MODE CONTENT OF STRIPE CEO~OTRY LASER STRUCTURES’

by

3 .b. Delaney snd 3K. butler
Southe rn Pisthodist University

Dallas , Texas 75275

and

H. Kressel
RCA L aboratories

Princeton, ?~.3. 08S4C

A model is presented describing the lateral mode content of

stripe peomet~~ laser s t ru cture s . A dielectric discont tnuirv i~

the latera l junction plane , dete rm ined from the gain/loss profile

of the acti ve ] aver and fr an the total geometri cal structure cf

stripe geo metry dev ices ,is calcul.at.d and related to the cutoff

conditions of the various lateral modes. in our model, character-

ized by a step in the lateral complex dielectric consta nt of the

active liver , the cutoff conditions are dependent upon the pain

region width def ined br injection under the stripe. The model

also provides a comparative analysts of the standard oxide stripe

end the channeled—substrate lasers. We a~~~~ 4n . condit ions under

which the f’ ”4—~~nta.l mode is unstable and in fact air not propagate .

‘This work was supported by V.S, Army Research Office .
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ABSTRACT

A RIGOROUS BOUNDARY VALUE SOLUTiON FOR THI
LATERAL MODES OF STRIPE GEOPOTRY INJECTION LASERS’

b’

, ..  k~. butler and .3. B. Delaswv
- Southern Methodist Lo ivers it ’

Dallas , TX 75275

A ne~ matneaatical moOe~ useful 4or analvztn~ lateral modes of

striDe geometr~’ lasers is Dresented. The oxiae striDe laser is modeler

as a three layer waveguide ir which the dielectric consta nt of the active

liver varies only aloflF the lateral direct ion ; the dielectric constant

cf the surrounding nassive livers is assumed to be position indeDenden :.

The solution technioue affords a riporous matching of the fields of the

active liver ~~~~~~~~~ those of the surro unding passive liver s . To i1iustrat ~
the mod el, the modes of a wave puide with parabolic dielectric vara.at~ or

alon g the lateral direction are investi gated. The fields are writter. as £

linear combination of Hermi t e— Gaussia n (H—C t functions ; hereto fore .

f ields have been described with a single H—C function . Ptmdamental mode

spread (spot size at half power ) is calculated and related to the gain

distributio r .. ~Prsvious estima tes of th. lateral field spread of the fund-

amental mode using • single b-C function not rigoroual~ tchsd at the

boundaries can yield spot •ilSs as such as 3O~ different from results

calculated from l inear combinations of H—C functions.) in addition, the

peak gain fields are determined at threshold for various vaveguide geo-

metries .

•Suppo rted Br the t .S . Arw~ Research Office .
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work over th is  past penod has progressed a1on~ twc ~‘nes : (1) Theoret1~ a 1
,nvest ina t~ on o ’ ~ate ra~ w aveguide modes and ( 2 )  Ex perimental invest t ion  of wave
~ro paqat i o n ir. ~aser st ~.ucturer ..

3. 8. De’aney has wo rked pr irnarih ~n theoret ica ’ ~~~e: ’ C ’ ~~
• d

- ~‘ne 0. the ~rirn~rv re searc~ tt~~i~ s 1 ~~ ~o’ - 

~ t~ Stud ie~cDn e—r ~ tr~e deve~ opment 0 ’ dev~~es wr - l c r supoort s ta ~- le  osc i f lanng modes .
‘ties produce ‘ ir”~s~ in the o~ e.- _ c u ~-rent te r’ st ,:~ on~ ra c la t i o r ,
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~r the ac t i ve  reg ion an~ thus Jepre sses t he re f rac t ive  ~r-~ eA there. ~e have
s how ” that the ove ra~ ’ dev i ce  geometr ~

-
~
‘ ~t r~pe lase rs  can cc ~nt r~ b~ te tc

~~~~~~ ‘c i n 5 . e ’’e~ t~

~~~. Sco t :  rias ~~~ w~
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~t h-p e  -eo~e~ r . ~a~ er an~ o~-~.e’~~’r - c the mode St r u :u’~e or the oppo s lte  ‘a cet
The ~~~‘~“s were o-e;’a-e~ ~ ~~~~~~ .-a~ o ’atc r~es , Prj nceth r  N . 3. and were mounted

~
- soe: ’ a~ header s so -

~~ t o~’servations c ’ ‘r c-’r.t and r~~~~r facets could be
. ‘j ~~ . ~ur ~~~~ i “ :Y v e  ‘ a’- th is  r t ~~d ’ , is  to deve~o~’ an understandinQ
o ’ w ave ~

j
~din c i r  ~as e” s ~‘ . o—o ~-~ r: the w eve~ uide w~ th ‘ i cht  at 1.15 r1cror~w r i C ’ -  j 5  if l Se nS1t~ ye to the wave Quid e ga in which g u ides the ‘~iq~ t at the

0. S3 -
~~~~~ ~r ve i e’~ - th
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BRIEF OUTLINE OF RESEAR CH FI NDINGS

the work over this past period has progressed along : (1) theoretical
investi gations of Late ra l wav eguide modes and &~ ) experimental investigatio ns
of save propa gat ion jr las~ r st ruct ute .. Our aim is directed toward the
development of s~~ble . ri,~~c mode ~~~~~~~ important for many system app lications .

3. B. Pe.ane~~’s work in the analys is ~ laser modes i; proving to be
.xtr ,m e~.v vs - - t : i e  :or character ir ing cøntemporarv laser structures . Mi.
work discussed in the last progress repo rt (Detat~ s to be published in
IEFE 3 . Qu.sn. Electron. . Aug . 978) concerned the deve 1opm~nt of a wave—
~~ide model f o r stripe lasers with prope r attent ion focused on the overall
~e- -~et r \ , including the metall ic s t r i pe contact and 1~ o1*ting Sb , Laye rs .
Thy .)r..~.v,jis was a s .  appi~ eJ t~~

- c h.annc1—suhstratc—p1an.-~r (CS7’~ L serb which
are rr...~t iv ~~. ’ — ‘ J c  :.ta~ i i .  u r calct~ a t i o n~. indicate d tha t CSP devices
are ~~~~~ n~’Je stable than ~~~~~~ ~t r1pe ia .irs . The anslyst ~ or. ng further
d evE ~~~p e .~ in ~‘~-de~ to e x~- .~~ru s t ~ ~~~ ~~

-;  ~or- .- n ta t ~~ur. or new devices .

B. ~~~~~~~ re:er: wor~- ~~~~ :ng prepared f.’r publ~~Lat ~~Ofl

concerns tt-~e f a c f t e d radtat ~ o” of s t r ipe  ~s?~er. w~~t :~ sns:i .~tripe widths
S ( ‘~~~ 

- . —.) .  Present l i terAture indicates t t e  la te ral  f i e l d  beam (parallel
t . ’ t:~e ~uncticn plane decre ases .i~ the act ive  lavi~r th’:~-nes~ d decreases
(bel.~ 0.~ . & .  ~~~ new wo rk ~~ t hat the latera l beam t~roadens as d
drops . Further , the required gain at u resho d . 

~~~ 
ii~ developed in ter n.

of S ars~ d. Our r e S i l t S  sh~~ t ha t f o r  a given d , an optimi.r~ S car. be deter—
m~~reJ;  th is cor reiat ’-~ t o  the ~te er t . o r .  ~ a tlnimu value ~‘1 current at
threc :h, d.

Muc . of t~~r analvc:~. -ent io ned at’~-v e  require knowled ge c-~ th . opt iCal
prcpcr t le’  ( the  ~iie’lectr.c c~ n..t.~t )  of :~~c de v t c e  rnater~ al (epita~ ial Sb ,
and — et alli c iaVctS ). The ci-~ ta’~ia *n1 SiO_ layers have puhli~ hed op tica t
‘r pe rt i es , whe reas . thc ,iC of th e met$~ COfl L t  are re la r ivc v unknown .
(Conte mporary devices have activ, regions near the cont act  w it h optical fie lds
penetrating the metal . i A lso , the mec)-anism producing Isteral mode confine—
ment in str ipe lasers is st i l l  an unxnown. Henc e , we have been developing
ex pe r imental methods t o  ex p lore th , various unknown pa r ar~ete rs.  M. Scott
has continued to develop this t pc’rtat~t area of o.~r program . His recent work
submitted for publicat ion concerned the pattern measurement of a laser cavity’
which was excited vt t h  an external sourc e. From the far field .sasure ent
we estimated the properti es of the •pttaxi .al grown layers .

~

.
1 

. 

S 

.~I ~ T 

... . ::LJ



— —---—5-—--—
I

Evaluation of Dielectri c Optical

Javeguides Prom Their Far Field Radiation Patterns 5

by N. W. Scott and J. K. Rutler
Southern Methodist Un iversity

Dal l as. Texas 75205

A3STRAC1

An experimental technique for determining the cha racteristic , of

dielectric optical vaveguide. is present ed . The far field pattern of

the vaveguide s measured and compared with a theoretical pattern . The

presence of spurious light jr the far f ie ld complicates the measurement ,

but this difficulty can be minimized for many structu res. Applicat ion

to semiconductor laser structures Is discussed . Determining the wave—

guiding pro pe rties of laser structures prior to processing can result

in the early de t ection of faults for increased yield .

Supporteud by U. S. Army Research Office
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19Th flevice Research Conference . Salt l.ake City , Utah
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Z’~ e c~ a~ s c f  c~ a ’ r , l  ~~~~~~~~ f r ,qU. r t iv
as e e r e r .t t  e e~ s~ c .~ crt~ csl
a t e  cr :~~~a~. a t — - e s  ~~~~ q

- : ~ .; i~~~~ t t a ti ~~~t b
sr . i e ~ r • a f . i.~~rS i  • . h a v~ rtg a
~,~~~A : : : ’. e  .~~~C) 3 . :  s~ ~

- .e~~.a v c ~ st pe
c f  ~~~~~~ .~~ a~~ It. ~~~~~
— :  • ~~~~~~ :rr —er ~ e f  the ~~~~~
~~ t r Y e  ~ 1a~ :~ ~. reg~~cr. be loh

r e  ‘t ,?r P r , ~- : c ~~ :h. .r:~~-.a; ~rv ,s t i g s .
t~~ct. • . . c f  t .~,s, ~s v e g . .~t e5  ~,ve t..:s,d at.
a r t :  c : a  ~~~~~ ,:r r t :~~ .: t’  ,xT I:t~ ~~~
~a t e a: c t t .~~a l  c~~~::~e r ~ he £ ç ; t c a C ~
~e ’ : : e . ~,re .a t c a ’ t . . e ~e
modes a t e  :r,— s,d cf a ~~~~~~~~~~ c f  sr~.
~ a~ -e~ ~~~~~~~~~~~ t e  re g . ~l Cl. t~~s~ - :pe :s Y f a : ,~e~ ‘- s~ .a ~r . t , r f e - ~~ic.

e z a g a t . r r  C C ?~~ S t $  a t e  : & .C ~~~a t e~ I s  $ S
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r-f f :rr~~: . : c r s  .rc ~e t e r ! : — e ~ a ,  a f c t ~~co c f

s a ~ t~~:~ , y , s s  ~ ~~~~~ 
•.
~~ ~~~~~~~ ~~~~~~ :~

~~~ a rar. ~~e c f  :r.des , e~ a , — v e ~ ‘odes
~~~~~~~~~ ~~ ? e . - agree ~ : t P  cur c$ i c u -
at~o s .  ~ e hay, measured ~he l a t e - a l  f i e l d

: f  ‘,~~,t a  ~~~~ ~~ t ::a c t ? : :? ~,S .
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t~~e~~~e t ~~~a:  —~~d~~: ~ • a .~ : a : : . : s t e d  h,
: ~et~g t ~~ - “ ~~ exper :~~e r t a  s t c

t . ~. s . i c a ’. c e u~~.—; e .gY ’ are :~~
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Asymmetric Modes in Oxide Stripe Heterojunction
Lasers

JEROM E K BUTlER. nrsssr s tat ~NP HENR~ S SOMMERS. JR

451Vm , - The u~~ o ~~~~~~~ ~. ~~~ of hqi.$u5.aCbpms of ., os.of~. of~~ ivp~~~sme’~ 10 ~~ The ofl.~ of IS. osmasass
~~~ a .addsd 5, 5 .S~~ .oIS.. IS. Isw.~ dauISsflou sps, p,o4h. h .50.1 — (mm IS. ~~ of IS. ng~ s, sad IS. 5mm 5..

~~ IS. 5~~~~~ of 0. ~~. sad of IS. ,.Oacnv. miss, — Na.  loSs I. ~ hem-sad., ao0. .10 ofhsi of old. V from IS.
sa snomps m _ .~~~ t shout 0. mI~~,.._Is.,. of IS. Ny .us~ (a., ..~~~~. I.&.... of 0. som s~~

-
~~~Dos of m geldus b~ miss

psti . ~~~~~~~~ .a..-.a. a ,so  of .110 h~ ~~~~~~ ..um~~ .S~~~~ a ..., ~~ J m IS. ,4... ..s4 ~~~~~~~~~~~~~~ IS.
em .10 0. sass mmmcl S mhdm$411 mm 0t~~~ I.IILM. ~ us~~ of ~~~~~~~ ~~~ s.at b..-~,,m. ~~y ..IIS.. 50 he~*scdo. l,~11. 05 me,
~~~~ 0.~~~~ d miss w. umior~~ Th.a.~ h~~~n So’ 0. ~~• di- .sp~~ IS. .A r.si —.sumc .5sapt of a11~ pome sad IS.
till -U.... sad I.. 0. dss dia*.ni. see ‘sa ‘-. —~~~ up-a- ~~~~, of —~~~ ~~~~~~~ ms0
mm,. .10 0. pm mea~~~~ -~~~~ sa mdii LU

I 50Uo4 .4 ip lomeil isis of IS. .svom. Si Ilsad k~
~)IS ‘il.. of pm. mdii SiU~ . sad h~ Oat i~~~ i•~~~~~~ loi 0. I INT*ODUCflON
— Nudid. IS. auus sad ho (hell . ~i— IS. pesO. HiS pspet psesanta $ theosetacal model of the lateral

Ma~~~nps .•co ’ 4  OctoSm . I 9 ’  mv~~4 D,combm ~~~ . ~~~ 
modes (modes an the uncoon p’ane) of the narrom oxIde

sad Ja.o’-i 23. I,,$ The .saS ma sap’pun.d ss p~ l b~ IS. t s stnp. tion l~ et which encomp el several expenmental
Ala-s CO0.ICS O(flC* festutet that are not peoduced t~ the populsi Hesinste-
~~~~~ 50thei~~ eN~ ~7~~

st$tu$e of T .chaoeom . Sos there Methodist Gavisan (H.G model II) The sneestapuon w prompted
H S ~~~._.... . It e efth RCA L.bos~to,ws. P,mc,toe. NI 0I~$I0 b~ ow espenmeetal stud*es of. large number of oxIde sthpe

0O I $.Q197 ,~78FO6OO.O4I3SOO75 C I~ 78~EEI

LA

5- ..S~~—- ~
5 - 5 -



— — S--S S55 . _ S5~~~~5-S S_~~_ 5- 5-5-55-5555-5-5- - 5~~~ 5-5-S~~ 5-5-5555.55. 5.5.55555- 5555 -5-555 -5- 
~~~~ 

-~ - -5-—------—- —~--- 
~~~~~~~~~~~~~~~~~ 

-_ 55.5-55--

454 LUL I0U~ N#~.. ~,P QU~~H.TV~ I.l.LCT*ONICI. V01. Oi i’ . NO ~ S tiNt te~S

Lasers prepared from $ VIflSt~ of double-hetero~uncuon wafers . -‘ . ___________

v.ith thin cavities. lit pirnculas. the H-C model fads 1~
- QI Di • £~~P I at ~ - 1.Oi

count for the followmg obwrwed properties. l ILa a suasble 
S

I / , ~~~ 
I

fraction of individual Lasers, the facet lllununataon ( fleas-fIeld)
5 i. ~~~SSIN? ~~~~~~~sad the Lateral (far-field) proO. ue mazk.dh atymsneuscsJ in - D L ? .. —

reSpect to the put pro6le and the normal to the facet rmp.c. sa sa vi aC’!vt ~~sso’. A p *~l
ovely ( )  Thu chaaracteruuc bat alao been noted an other lab- s...)~itOflOt (3~ 1 Whil. the spstsal panerns are often quite ________________________

~~~ipLSZ. .1th much resoived smaclure . they show little van.-
non with .:unent or output power ~~ Thu s  ens ~~ ~~ 

1s. I Cs.. ~~~ of wat~ 536 DH.Ci with oald. es~. osaact.
mode pro6le depends but .uakly on mod. order

U. TNIOUTICAJ. MOod . , ,
The new theoretIcal model Introduces an ad hoc dl.I.cmc - - ... ., -

profile which PITonD $ machine study to find lie sues of the .~ - _ - S

spatial atynunetnes an the real and unapnas~ pans of the di. ~ 
.
~ 

.1 S

electric constant to produce IS. observed aviIuoetnel of S. —S
~ —

modal pensens Fat peda$o cai reasons, he t unent is ~~~ 
5

In the cussomacs terms of index antigwdgt~ and pus puadag -

‘Iocsared with the free cam.; disrnbuuon. but does not un.
ply that site camer disuibution a the complete explanation of 

• _______ _________

the dielecmc profile . It a found that a nes,-car.celianon of _________________________________

the Iwo types of guiding together with $ suitable asymmetry
common to both produces the kinds of psnums observed. 1

While the adjusted axes of the spatial uymmetner ire found 
______

to be ...~amIstt t with the promo t sketch y ideas used to con. - -

nect the free Gamer denaty and duelacmc constant , the con- • .5inbution of the piper is not support or nonsupport of then .
iitili t~ . but ra ther knowledge of both a profile wtuch casa yield
such ymm.tnc mod.. and of sta diepersioc relations (41 Fup. Sm, -..~~~~L sou l of — m Fl~ 1. (ii Parities of Sv

$..ea... h.a-,p c~~~ mm Osse arms ,~~s. 2. 3 4 . sad two
The effect of the concave refractive index and convex pin ,— 

~. I (5) G pm~~. IC) lad. psoOs.
profil.. is to produce modes confused Laterally due to the pat.
Th. modes ass ~pm pided (5 1- ( ’j as opp~~d to tndex ‘-

~~ of refraction. which increases front th. meal-
guided. - Now for a specific complex dielectric profile related mum an the h

~~ pin 
central reØoe The gusdlag by the pun

to the pm sad index profiles. modal complex propuptioc maximum ~ pufflcsssat to overcome the defocs~~ g .ft.ct of
cotatana and field profiles com. front a solution of Maxwell’s the index un~~.qua*on~ Thus. meb lateral mode prapapt~s is eZP(& ) Fat wsw propspbcm an the : direction of the Ions
where t,. the pun of the ith mode, a deterrmned from the ezp(i~.~e - ~~~ whets -v • • ~~. the transverse deper d ’tcomplex prc~~~tioc constant The vahie - f  ~ a in a sense of the field qusatatiss becomes.prorated over the Lateral pun profile for each mode It should
aleo be noted that field profiles of ndezlwd.d modes ass E, • 0
rather umniuve to pm profiles. whereat. field profiles of • (1)
.51-Seeded modes are t I d y  soupled to the pm p,o~ e

The .lsctr~~~~ .tic field eqentions of senoonel E .! ‘± (2)
wa-egandes can be approxImated as dsci ed by Marcadli (Si. by

d the field equations developed by ~~~- ‘thi g only one trans-
verse component of the electric field. The cr~~ section of the H3 . 

_.L_
l.er unacnurs shown an FIg 1 5. optical fIelds concentrated ~~~ ~ 

atx . v s • ~~~~ j * 
(3)

a the vicini~ of the active repmi with electric f ield, pelanad ~g
(4)

~~aMeI to the active layer Curteits flowmg tluou ’i the active H,

~~oe produme optical pan spread o’er a wIdth W.. To ap
proxensis the effect of the nenwuform lateral dlsmbunon of H . _L_ 

~± (5)came, denir~. the active reon  I psetinoned ato three ‘ he
r.pma. utucla are supported on either tide by p v e  r.vons

____ 
white k. m the free spme w ’ e  ~w~~et~ ip. • 120e Q, sad(FIg. 21 t)stai si ~~~~ ~~ ‘~ ~~~~~~ and ~~ 

~~
‘ ale. v) a the relative dislscmc constant The useseruw wave2 3. asd d of the acitee section. detaIl (bIthows she tee. 

~ sansfiss
S responding ~~u. .hsda tsp..~~ t r.pne..tion a the active

sSCO s end~~~ ipstio s m t h e p~~ ve witp~ Md 4etall (c l ~~* . (k4 e .y 3 )# .O . (6)

— •
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StJ TLLII AND SOMMUS ASYMMITPJC MOD1.~ IN L.AUPJ al a

where ~., as the transverse Laplaciasa op.ratoi concentration in the active report from a tract of Si. and X
As a (bes t approxunation. we assume that the vertical (xl de’ 10” ii typ e . The Laser had art oxIde stripe metallic contact

pendence of the wave (unction Is andependeni o~ i, the Lateral (L I )  abou t 10 urn wide and cleaved facets separated 100 ann
poutson in the wavegwdirsg Layer This assumption a reason One facet had a dielectric reflecting coating. According to the
able lot the Liters unde~ cotinderanoc. whucE have Large di . theor~ of curren t spreading in a two-layer cap (21. the effec
electric steps at the heiero,uncuons compared to the variation live width of the veco,nbinaaort report a 10 urn greater than
Ut the dielectric constant a the Lateral direction Come- the width of the contact .
quently. the solution to the wave equation an the active liver All studies used a low duty cycle pulsed current (20 ni nam
can be written as inal width. 5000’si to avoid sipatficans hearing Measure-

ax v i  • ~ 
menu we-re made with a boa car intepator with 10 ns nominal

I pte width as a peak detector The spontaneow emission was
For the structure of Fig I . the index step between the active transmitted throu~a a tandem pair of 100 A bandpw filters

Layer and the p- and ri confining walls are identical with .~ri ~ with centers bOO A Less that the coherent t’and This shurt
0 tO Onh the fundamental vertical mode propagates, so that wave emission gives an account of the ~uncnon voltap at the
V X I  ccx k,5.x Substituting ~a s  intt~ fbi arid simpluf~uag Output facet ( 1  Further details of the tectauque are given set
11 ( 21

The Pt (polarization index I characteristic was nearis lutes:
• ~ r’ ~~ • ~~ 

.
~~~ 

with s~’ t r  tum on ho marked structure was present an it

he’. ond a alight wavrneas We have observed all the effects die-

~ 
cussed in lasers with ver> lineat characteristic curves as well as

where those with sharp kinks in Pt . but have been unable to correlate
w~ of the reported properties with kinks or structure The

‘~ 
- 

~ t (,,~ i k5 • ~~~~ ‘r i~~~ ~-c patterns here presented were in the soft turn-on region close to
a the lateral dependence of the ~ieIe~tr,~ constan t u- the i~ 

threshold
tive layer . s~ ti the dielectric ~omtari~ ~: the p and ‘i-walls. The model parameters and widths of reports . 3. and 4 were

and r as the vertical confinement factor representing the ~~~~~ 
adj usted so that the theoretical pattern of a pure mode ap-

5 (ion a’ the wave inside the ta ’ .er berwerr the heteroiuncrioos proxrniased both the monochromatic fa r.fb eld pattern and the
5 r ~ 0 r for the structure of Fig I (01 The function viy ~oher,nt near-field The listed index steps are conustent with

found from (8) determines predonunantJ~ the near-field be- OUT Limited knowledge of the carrier concentration beneath
ham,r along r and the corresponding lateral radiation pattern the Im p . c-om an and of the dependence of refractive index

The modal far-field patterns an the lateral direction can be on carrier density (‘) Wtth the gain parameters of T able I.
shaped t’~ varying both the index and pan profiles (Fig 2tha the modal pang • -o •  - Real (-t )ls abcrut lOO cm ’ b reach
and lc)( Of course when both g~~isnd rs~,y are ~~~~~~~~~~~~~ 

of the three lowest modes At threshold.g•(IfT’ ,a con-
the modal patterns are ty mme*nc about the face t normal. dUlcet sa tisfIed h’. r • 0.8 and o~~ • 60 an”
whether Iws I sap below or nses abov, the outside values ,,, Fig ‘ compares the experimental near-fieLd patterns with

• ,,, I As a fIrst approximation for modeling itnpe con- the calculated second-order (S • 2 Late ral mode The shape of
tac t latert . we take n1 • o ,.g .~~~.. ‘i •n ,.and n: •~~~. 

the spont.aneous emasion at SO mA (thiethold •4O mA)is
Also we choose 1; and “: ~ average between their outside and symmetnca~ with half width (full width at half power) of 14
Inside values ~ - g~ • t,g, ‘ o~ )

‘
~
‘ and ri~ • I’r, • 2 urn. it is assumed to be concentric with 5, of Fag 2 to enable

the step models of g(y and ~s(’. apprournate the smooth con- 
companion with the calculations The coherent pattern at ~~

tanuow distributions mA. P w 4 mW . (B-experimental) a a srn$e lobe with faint
When the high-pin report as centered an It,. the modal pat - structure , half width of S um. and offset of - ama from the

aims are similar to the H-C functions However, as region 3 ~ spontaneous The calculated pstt*m (B-theory) has a half
slufted gradually to etther the nght oi left of center. the far- width ot’3.S inn and dsi$acement of -3.6 um. The detail
field patterns become asymmetric about the f~~~t ~~~~ at the bottom of the figure locates the p~~Uons of the pus
The major lobe of the fundamental mode shifts off the facet ~

1
~P

normal For example when is1 - 

~,, 10 ’ and when region 3 ~~ corresponding beam profiles an shown Ut Fig. 4 The
is shifted off cente r bs I urn, the mayor lobe can shift almost solid curve is measured at 52 mA and wavelength of 8192 A
lO off the san normal, and the higher modes hav, lost the .‘ith resolution of 0.4 k It a. stn~ e lobe wagh week steno:

~~~~ temtsc H-G ~~~~ (101 
struc ture, half width of ‘! and peak at -6’ h oes the normal
to the facet The theoretical curve (broken bee) I similar butUI CowPAnraOlr WITH EXPtPI MLNTA L PATIL*N$ with slightly less structure, seid h the same half width and

We studied a conventional oxide stripe laser ~ “7.Q 4 whose offset.
patterns illustrate the ssymmel rs typical of maim of our stripe The agreement between model calculation and observation
contact lasers Fag I is the cross section of the starting wafer (In particuLar of the beam profiles, where the instrumentation
536DH-C

~~
. which was grown by hquld.phase epriaxy The has selected a puts mode rather than the average over all S

carrier concentrations of the semsconducstng layers . reading modes in the entire spectrum which Ii recorded for the near
(earn top to bottom, are l0” Icw ’ p type, ~ X 10” p. a low field) p1-vet enough credence to the model to warrant analyils

_  _ _



3_ 
~~~~~ 

V V V V
~Vr f l?. .  f -. - F  ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ._ , - .. .-,,

~~~~~~~ Vr ~~L ~~~~~~~~~~

C l .  IUI JOUSNA,I, 05 QUANTUM LLECT~ONICS, VOL QI ac , NO a IUP4I is-is

TA$LE I O . - . -~~~~. -

P~i,i.s’tss I, ui ~,. M *jq~ ~ F. 2 • 0 I~ am J \
I ~~~ sitOS~• . j ,,.

• I,• S I • • I
3.

~ ~~ss. 5 150 1.100 5 4 —4 04’ I —

• I ~ t i P
cw t~~~~~

’ ‘ -.~ ix io~ ~ o -~c I I
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  I

Ibifi ri

- i c - A -  -~~~ I
___________________________ -C C C it0 - 

~~~~~~~~~ 
a’e.a. aas~.t a,,

/ ~~~~~~~~~~~~/ \ F~ . 4 D ssu proAhus. cea~ tloea of Fi 3. loth p.nsas bays .
- / ,\ \ i~ne. thin sboss -r.

~ ~~~ 
\
\ 

\ 
V 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

r\~~~ r’~
/ /  \ç 

~~~

“ ‘ P 5 — — —  
; /

f
\ \ 

\

- 

~~~~~
: -

~~ 
~~~~~ 

, 

~ / 
\/ . \ ‘ 

~~

.
\, \ 

\ 

-

45 3 - I . I
I I I

• ‘ r -  - I - . l i!  - V
-~ C ~ •C -5 i -‘ -i c • .c

‘Os~~~~~~~~~~’eCt ., . ~aiias.. *aS4~I-. 4 • (II (b~
1 Neaj Fie~ ~,) Spootsusona in*anr~ m~~~u.4 at thon tea,,- F~ S Nna- .sd far4lshd cahrahuuoas. these lowi mo~~t P4ow that

~~~th tb ) Co~arest psnsse-.esw.d and cakvbasd for acoad. b..a p,ol~~s bay osi~ a anØs lobs •s~ Fsort iaaauon (bi
ordte mod, Ic) Posiuiona of naps sad a cakuhutioc Ceatue of eam prom.
ecu’, r~~ os te, of F~ ~~~~~ to ba Os ~~ette, of ~ ostua.ovs
prom. Note that in. tbaoistical ad .spetsasetal psuseas te fbi an
both thafIsd te ma. deecuon Patters. of isna 7~Th~ .4 10 teA
abo,, tbasthold. P • law s tc’w.*

c~~! ~~.•. —
of the theoretical patterns of different S modes Fig S shows - -

the three lowest , with detail t a t the facet liluetunatiort and (b) I ‘ — —
the basin profiles. One striking feature Is the esnilanty of the ~~~~ - 

~

shapes, especially as the beam profiles, all the probes ate ‘~ . •‘i I - - -

dornesated by a sm$e Lobe , with half width varying from 6 ~~
‘ E

for the low~ t mode to 4 for S • 3, Also the near fields ohS 
~ •~~.— / -~~ ., —

• wd 2 are nsarty ldensical.and only byS•3as pmnounced / ‘ I

structure appssrlag. Another Interesting feature of both w as .. ~(‘ ~ joh pattern. I the dimctioa of the displacement, which chasgs.
sipt between niccewiw modes, an the flgwe. odd modes are _ _ _ _ _ _ _ _ _ _ _ _ _  __________

deq4w’ed to the right. even to the left. The calculated modal 
~~~~~~~~~ ii ~~~~~~ .~dipersions are afl,, • -0.9 A and A )~ 

.2.5 k Forabox ta l ft .)
mode In a wereptide of wIdth 14 ian (th. value of k’ Ut Table r~~ s.cuoa o~ ~ .r., m ~~ m psodle at ~ fl.i sat orns.b
flthe corresponding valves would be -0.75 and - Ii A (121 Now tbs stesdv asm with merest of poltios of peak DraM (a) b
In our model we l~sd that the wauelessgth and the near- and 

erne so~~ iinasios. deteM (hi another Powte usda SO esA ~~~~
far-field p.nerm of each mode ate functIons of the dIelectric 0.2 mA L e  ‘7 4.4

profile It Ive been found experimentally that the gwt pro-
f ile above threthol4 ~ a (unction of drive current 121 . (3( of the beam collected by a large aperture aspheflc lens (or
Hence , the parameters of Table I will change with current and total power ranpng from 3 to 6 mW (the power under the
so the frequencies and patterns will change with output power. 4W.d lute for SO mA a about 0.2 mW’). Notice the shift with
Such a power dependence experimentally found as Wustrat,d current of the wavelength of the mode with no evidence of
at Pig. 6 Derail (a) shows a high resolution (015 A) spectrum excitation of other lateral modes until 65 mA. A cuflous lea-

I _ 
_  

_ _ 
-.-.—~~ -. ., - ,-- - . .
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nate nor predic ted b~ the model in as present soptiaucauon as The latter has the atiracuve feature that the d~aoruon used
the wide line, about 0,5 A. not affect the current distribunoet. aresang with our observa’
Ftg. 6(bi pies the correspondang lateral profiles. The as uoea of a quite symmetric spontaneous pattern on the facet

phenc lens has been replaced with a cybndncai one, the slat accompa nying stron ~ y distorted cohetent patterns-
widened to a resolution of 0.4 A. and the sp.cuom.ter tuned In conclunon we have shown with a specific example that an
to rnaxunum signal at each current Notice the neath perfsct asymmetric step wavquhde can produce the type of datortt d
repetition of the shape ( the curve for 65 mA duplicates that pat terns observed an many stripe Lasers, that for it the depen.
for 60 ritA except foe an extra shaft o(’ and slight change us lence of pattern shape on mode number ti so weak that the
power t The one obv’tow change with current as us the pow- modal content cannot be readily estimated (roes the beans pro
non of the peak, which seenu to iluf gnonotoaically from -2 (lie , and that when index defocunng is comparable with pin
at 48 ritA to -0 ’ at 65. guidi ng,, the propapuois constant bsconses vety sennuve to

Experimental features of the rnasr. itnpe lasers with uym- changes an pin.
metrical beams that we have madisd ate the shaft of wave-
length end field profiles with current and the broad spectral
linsa Beans and spectral shifts with current can be tied to Wafer 536DH-C W was supplied by H Eztenberg. We also
the current depsndence of the dielectric profile Although acknowledge the exceilent technical aesatance of L Elbawrs.
it as ..oescarvsble that the Iine’wadth as a measur, of the change Pd G. Harvey , k Ken. H. V Kowpr, and 0. P Manriefla .
us current unztg the 10 ni samplang pie. the required shth
during Die sampling period seems excesaive to ac count for the REFERENCES
broed lines. Moreover , the same Iusewidth is observed under ~t Z.cuioi aM 3 E. Rippsi. *seoaanr mod,. of GsA. ,sac-
cw operation uor aassrC IEEE I Qianssi.m a.cmo~~. vo~ QE.4. ~~~ . 2~-3’ .

Jan 1969
H. S Soesmers. Is. and D 0 North. ‘E&p~anaaL ad ibso’

IV D1SCI.’ssiOb seucal nse~ of in. ipa~~J isnetios of jeacuos ‘shape aM cue’
rent d tiib~Doe as nat-row grip. m)scuor isasss. ’ I AppL f lytIn our step modeL important as’. rwnetr.- us the radiation 
~~~ ~~ ~ ~~~~~~~ o~ t,”occurs only when there is appreciable de(ocunng by the index i P A.. EUkbII A. R Goo~~ an. C H I Thompar, aM P E

profile Modes with it , > .t~~. rs~ produce ‘er. little uvm Sitwe,. ‘Obsarvsooas of isir-focusag a imps pom.n~ moss-
conductor ~s r s  and the de’slopa t  eta compeetenu’. modsimeu~’ Only wi th a large nepuve step sri index Plu1 Pin 
~ thee opsrinor. IEEE I ~~~ ,rum ~~,er’o~~. rot Of- I). pp.

guiding did we fInd ajvmmemel of the size observed, The ,os—’u~. ~us !9~~. K-. Kobavaihi,P. Laa.~ 14 Yo.eee L Ssbvaa.
.-slue used us the akulauon ~~ • -4  ~ ~~~ to be and I Hay.siu. Norumtal mod, edormation ad snomaho,is

~~~~ properties of sow, peomow~ uii cu.. Ianwexpsnaa.sii.”catupaubie with ow present unders tanding of the perturb.’ Jima I Am’ ~~vs- rot II. p~ ~O’-2O1. Jan. 1~~’~
~~r ;~ the index ac~.omplswang an~ection of enough free car- 4 P~ ~~~ oes. ~ iosutssfl ~ a poom~ e~~ r-mne~ cbaaacsss*
nets to pie the required loc a~ gain of 300 cns ’ tICS ol 5U~~ cui teISCuOS Usen. / Am’ ~~Irt - ‘01, 41.

pp 3 3 - 3 2 4 ) . Aul. IC” . nti’oducss as aavmowv aspa pee-
Because of SIte near cancellation ~ pus guiding ~~ 151. as psnuebstios to the l4-G tesasaust, and sianas. die

vitigwding. both of tetucit ct.as F with m~ cnon level, the ,fl.c-~ or in. findamental mod, tee aie cosc.msd with the ha’
propsptson as quite wrist-re to change an pass. tetuds ~~~~~ a, 

toned Sve*-o.dr erodes wiucht ate seated in Os, antew erripe
tie propap tiOn .,onsr arn a (unction of current (or power i 5 . o t CooS ad F I, N*in. “Gsia-tedemd Issane and u~~~euc
This rubbery nature of the cavit. rna~ be the catus of the Large ou ipu i bensi of G.,As basn I 4ppf Pan . ~oa 46. pp 1460’-
changes with curt-en: of the modal wavelengths and the non- ~~~~~~‘ ‘~~‘ tC ” S

~i I S Hadha, Stnpsd GsA. lanai Node dee and ,flowncs- I
monotonic current dependence of modal power shown an ,.

~ 46,pp :~~ -r~o. lea, 1C75
Fig. 6 ~~l I L Piot. “~arorsi~~,.. suspe-Is..a.u~ ~~~teo.. mt,

It as dIfficult to decad. the efficacy of replacing the actual IEEE I Quantum i~.ct’ors . ,oi 01.13. pp 662-4U. A~~
dIelectric and pan dietnbuaon in the laser with the step sp- 

~~ E. A. i. ~~~~~~~~~~~~ 
‘
~~~~~~ ‘~~~~~~ ~~~~~~~~ --

proxamanon, Whets the step 3 as centered us th. guide. re- ompue foe tei~~ s~~ opoca ’ lid See T.th I.. sot 41, pp
m oving the asymmetry , the modal patte rns ~~~~ 

20?l 2IO~ Ss,t 1965
1,1 J K. Msdse ad It- Lrseai. “Ds~~~ en,.. lee jes5~ bees,-to H-C modes, winch seers to speak for the utility of the ~~~~~~ ~~~ p~~ ,,j ~a_ w 342-531, ~~e,

modaL A p~~ b1e cause of the asyrrunetnes introduced Us Ftg. l~~7
— is the unpeu’fecuions us the stripe contact Poanbie sources of 1I~ L I kà~~ Qmaaim M1c~~~cz New Ysth McGrew4IlL

I~33 ,p 60contac t arvrtsrnetrs see thedoweig us o~~~vsg the window : I) 1. L~~~~v and N LimaL ‘I’S. tuthueom .1 dives fabo u..,,
through the oxide laye, or an depowuon of the metal WhIle ps.saouss an es ~sdisI d~~a~~~~ *( (A~ isiAa Cte ~~~t
we have modeled the dutornon as a fixed duplacement of the -

~~~~ Pa~& Leer - roE. 23, pp 701-,10. Dee, 13. 15,4
54- S ~~~~~~~~~~~~~~~ 0 North . Thep msr .,...cus.a s(aexu’,ina of both past and index, it sierra probable that 4Ie uceos ~~n T~~ ~~sn ad .,~il... t so e s_ha..., meha

plac iuent of one rtM~ve to the other worM serve as wefl. of i~~~~~ ,f ha.$sit, Eircoa~ - vet- lC. pp 573.496, 1,16
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A Rigorous Boundary Value Solution for the Latera l
Modes of Stripe Geometr y Injection Lasers

JEROM E K Bt!TLER. M 1 - 4sait . iw, . *141) JOSEPH It DEL ANEY

4~~wsrS - A om ~ a”soatacaI .od01 .aef01 (or a.sayaan latent Standard techniques for solving boundary value problema
—~~~ of sas~ e peseacey 1 i  u pmo led. The osid. .as~~. ~~~ b do not readlly apply t o the geometry of the regiorn us the

an a thme.1.y wUs.41of1 in StieS ha ~ •1.~tsIC COie$i5t Ut v~dsUty of the active layer Consequently . previous analysesha active layer ewe, only stosp in. Iweal dosesios - IS. halacteic
_____ of the later al mode structure of contemporary C’W stripeUt die .unos.dte~ p e ,  lapses S -

~ so be p~~ nos
,,,4.sp.-_J__i Tb. Mut~a ~~Spa.e sfloidi a ~~ seu. .secSang of geomeil) devices have been approximate Ir particular . the
IS. P Ut in. ac~~e layer with thom of tb. Tosshap pweve 4sekctp.~ constant of the active layer varies along the Lateral
open. To ~~~tsaw the na~ ei ha ode. of a w.vspusd. ~~ ~~~ dimension while the dielec nc constant of the bounding p and
bi~ c 4~~acen nnaDos Me~~ the lateral ditecuos —‘ ‘esi~~ ied , 

n-AJGaAs layers is homogeneous For parabolic index s’ars aTb. Ilaids at, wiser., an • ~~~at cs4.~~~atIos of He. is.—.Gs. a.

~)4.Gs ~~~~~ he,,gofom, (SeMi 5k’, bean with a iiørii iri the active layes . the solution of the wave equation
N-C (vac~~~ . F I .~~~t01 mod, qmod 1q01 Na. .1 . aifpowet l yields Herinste-Gausiian (H-C t functions Ott the other hand,
• caku(ascd ad 01u sd to ha pein dNaiibSt)Ua (PWVIUUI I5~~~S~~ solutions of the wave equation in the layers bounding the
of ha latent Ibed qeend of in. (vadan— tal ode ~~~ $ ‘ .~~~. reports ate not H-G functions Appropriate field quan-N-C (a,c sum sos iqrsondy .ascS,d at di. beu.difl ,. can p1014

rates canncs: be matched at the boundaries The method ru edqol .4. an ~~ an JO pensas thfle,esI tto.i r,ntts cakutawe
f rom hess. com~~~.uoe. of N—C tu.ct I - ~. p,.~ 

here incorpozales a technique developed pee-south IS) The
fIeld. are d.smai.W Si inee~~~ d (or vwno.. .-.‘.eusd. solution of the w ave equation in the active layer it written as

a linear combination o! H-C f unc t ions whereas , in the bound
ing passive regions, the solution of the wave equation is writ-
ten as a linear ~,ombmatson of plane waves Using boundary551 TSOLWCIIOPI
cofldjtiofli a~ the hetero~unctsons, an c igenequation is devel-

7 ’HF modal ~haracteristics of stripe geometry tnpe~tlon oped whose solution gives the appropriate modal propagation
I lasers are presented here The th oreIha m~ ~~ ~~~~ con s t an ts The normal modes of the laser structure are lineai

veloped allows for i rigorous treammen s both lateral along 
~ombtnations ot H-C functions with weighting coefficients

the function pLanes and vertsca~ modes of the oxide stnpr in dependent upon the specifics of the geometr) The theory ~.ctson lasers Ea,t~ work focuse d on a modc which t reated tie-eloped to the exten t that complex dielectric constants can
the ac t ive region as a ligh t guiding structure with a smooth be uied in the model This means that structum which have
ontmuous dielectric variat ion along the tranwe rse direc lions either lateral index or gain guiding properties c.an be analyzed

as opposed to abrupt index steps In particular , the assumed An understanding of Lateral mode stabilil) of stripe geom-
dielectric nrtatsorl along the later al Li directions and the etr~ Lasers has led St interest in accurate modeling of the Sat-
vertical i s du-r~t ,onl was parabolic of the form eta . 5’) • ct-al index profile and of lateral mode chatacierntics Lateral

• bs-~ I I) The accura;~ of this description is n~ : mode perturbatio n due ii nonparabolicit~ of the gain profile
unreasonable since it w as applied to modeling homotunctices was alec t re ate~ f’s expanding the fundamental mode us a
lasers However , the model is not applicable to hetero~unction series of H-C functions I6I A complete model for the lateral
devices where the grown active layer. generally very thin fo, mode thataclenst,a would then mciude these perturbed
contemporary CW laiers, is sandwiched between two pa~~ e solutions due to aberrations of the psribohc gain profile
Sayers with smaller dielectric constants 121 A more accurate properly matched at the boun daries as we have discu ed
description of the active layer ii one with a refractive mdc x However in this paper we address ourselves solely to the
which as constant along the vertical direction but varies effects ors lateral modes of matciung .olubons at the bowsd-
pstabobcall-s’ along the Lateral dimension t~J . I~I ThIs di- 

~~~ and Uusuate these effects using a psiaboix dselecrnc
electric deicnptiort is reasonable since carrie’ inversion ~
uniform aIring the ve rt ical dimension - whereas the inversion
Is not uniform along the later al dimension due to cur ren t TuEo~~spreading front the stripe contact

Due to the nature of the geometrical structure of stripe
geometry utjectiort lasers, It is difficul t t o form ulate a simple

Naau,ctqt r.~e...4 lassoes C , IC’S , ,ivi.d Starch I~ $~ 7I ThIS eigenvalue problem accurately characterizIng the modes Aswest wia .ippo~tsd S. iS. L.S Afm~ Si~ s.CIl OfflC* mentioned previously - the etgenmodes of st ripe geometryThe .(hori at. with iS. ln.mvr. of Tedsaokqy . S4iuiSeT, M thod*,
Unsetar,, C~~~

, TX ‘S~” lasers cast be described as linear combinations of H.C func- 

— . 
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I~
a.’. F~ The ompteled wia~~~id. pOs.eiTi s~~ Qsted arts. d.c oxide

.u~. ~~ The acme Steer S is atedwmin.d by two ~~~~. Styni

4 ind C ‘~~~ co~~~ ha IeT~~~ tStSd The ~~~aJ tISId S•‘ •5•
by ha ~~~~~I Cia. .cass at es.an.psrary sw~. peuaau-)r ~~ectte. 1 ,,

lions obtained fruits a solution of Maiwells equations The pendant The refractive issdsz of the layers St detemsm.d by
field equations ate reduced to an approximate fosm which the laieng wavelength end aMi~~~um concentration, the bulk
describes the wivegiusde nodes hawing electric fields polarized absorption ouefY~cwnt is positive The active Layer B is ~~amssd
tithes along a or v as shown to Fig 1 11w fIelds with a and s to have a complex dielectric constant which is dependent
polarizations ate defbwd b’s the seu of modes ~f and Only 00 the Lateral a direction

- . ~~~~~~ ecuvel’s Since moss m,.~tson L~~’rs have In the following mathematical fotmulatio~ we m inus that
fIelds polanind ptedomusajsth along a ($1 . we bent ow the dielectric constant is symmetrical about a • 0 lii the
d~~uwon rc ~~ 7 ~ modes Aseummg mod. propagation has active Liver the wire equation has the fonts
the fonts ezp 4is~~- 

-
~~~~ arisen ‘• - G 2 • ~~. the fleld eqara- 

~~*.
.(*tL i) .y3) $ ,.0 (8)

lions become (the superscript a ~ &oppsd)
and eta I is the complex dielectric constant of the active Layer

• +(,X .Y t whjcls has only lateral variations in the active layer, the
• a ~ 

solution to h I  cast be obtained by separation of variables, we
write a typical solution of the fonts

I as
— 

~~~ *5LX. .~ 1 *5(X 1 01,(, %’f (Q~~ ‘èx
a2 * 

where the vertical f’unction •~ is14 1
~ ~~~~~ labs ~ &y)•cosqy (10)

H, • ~_L 
~~~ * -

~~~~~~~~, 

- 

Tb. lateral field function satisfies
~~~~ ~

as
H • -—  — ~~ 

L.I4*u~,.q
i ...)pa .0 il l )

‘
As is we8 known - there cxiii two sets of vertical modes 

~~( s-~wh ere k a ~~ ~~‘ ~PaC~ wi’venwtiber - n. • 0 ‘ ~~~ . arid where I SO) is use solution of even modes about ~ • 0 The
1(5 . Y1 I~ the relative dielectric constant The trarurerie wise mod s can lii ’s discrete Q values 1~p1 untmg tripped modesfunction * sausfis or it can take on a range of continuous q “Just. radiation

(7) modesalong they duecuo@ The iirunber ol trapped werucal
mode. is dependent upon the cavity width 4 arid the usdexIn the vicinity of the acts’s region She wavefwde IsuitietrY __ W~WSSO the .cure region end net~ ibormg regions A endhasa fonts Illustrated by Fig. 2. lii the active layer, lateral c ~~~~~ . cimiamporwy cw ri~sctlon ~eiets have nation activefIeld confinement Is due to the following 
~~~~ 4 ~~~~ -0 3 urns, end moderate mdcz steps Thesethe n nrauform 4istzIbuU~~ of the index of refraction. structures generally nippon only the fundarnsuta~ trsppsdarid modi. Coneiquently. we haut ow dWimsnis hers to only) the isonuguform distribution of the pm/louis (9) . ISO) use fsm~~ wntaI vertical mode.

A remort that maker determasasioss of the masts luwos of We now consider the solutions of (12) which p’s the lateralLateral confInement diffloult is the fact that the optical pmi 
~~~ character It shOuld be noted that (13 )  has a one.lose coefficient end the index of refraction ar’s inextricably 4 i e i~~~’J form wnilar to typical slab waveguldes. Forrelated CM the other hand. ths sousce of optical confinement ezempli use quantity ~“ 

- out mserpreas~ as a one’along the vertical -v direction can be enely deterirwied The 
~~large refractive mdcx discontinuities a the bstsio~usctions 

~~ ,ob~~~ ~~ ds5(xp can be effected once the valise of.4ucjs bound iii. arrive Layer see almost solely reaponible foe 
~ ~ ‘-I,. - of ~~~ ~~~

To formulate the laser modes the wivegusde ~~ be 
~~~~~~~~~~~~~~~~~ Us. 4IeIeCI,SC constant can be approximated astermed as follows The two horizontal pouv. Layers A atid C

hey. complex dielectric constants whads are pontuom mdi- eta ) ~ ‘~ (a) - I site )MXW&.

I 

bOth optical d carries cosifloimeist to the act ive layer 
~ocai refractive mdix end U11 *x)  the local ab.ospuanjpm

* 
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x ) H i( \ k .~r i e ~p ( .  ik:x:) ( lob )

In I lbbiH, us the liermste polynomial , and q, satisfies
: - 

I ,
S. ‘I . ( k ;t 0 • -

~~ • • k,~( .! Ii
.AYtiA i. e~~c s PiOV si~t ~ A T ( i L .  Gai~ 

‘ .mors u
The lateral modes can be divided into i~~ sets depending upon
whethe r the f ields are even or odd about .u • 0 For even fields

PS the tndex ! 0.2. 4 - whereas the odd heidi have l~ 1.
r 1t h. - . -

~
‘ - We limit ow discussion here aim. u the even fields

—I ~~— since primary interest will be focused on the fundamental
__________________ 

•
~~~~ I ~ 

waveguide mode.
_..._J Li_ A transverse mode is of course defined by a given propa.

~~~~~ s5 0Cc y.o’~~ ~,iT f *a . ~AD ~~o~iii gatson constant ~ Therefore +g . Z  i i  in I 1 ‘~ I gives the iran;-
Sb) ve rse modal ueld distribut ion with the total field solution

Fu 3 N. as arid pie )w ac nv~ I,.v,r 1 . Piaboix being
a~S~ and pai pro(u.s anJ ihi ste pro(ihr s 

—

in the case of negative absorption or gain , we ~ nte  ssmp l~ 
- ~ 

- ~: • ~~~~~ : A 1~ ,I .51 ~~(x )  lls

~ t x )  • tix )- Sr. Fri 3 we illustrate r~~ inde x , absorption
gain profiles l~. Fig .4 .a . the index ~a:r. has a ra:a ~’~hc pro- We ~ c tha the r ight -hand side of (3 ~~) must be independent
fIle whale in (b i the optical parameters ar e shown to have s tep ~t the inde x 1 Even though q1 the ve rtical “ wavenum ber ”
change; Before we discuss the detail; a spe~ifs~ s t r u~ t urc  sin es ss it h 1 , the ve rtsca~ s dependence r (l~~ define’s awe note that the Lateral modes obtained t . ’n’ the paratsoh~ s e~~’ i~ ~ ave guude mode which in ow case is the fundamers-
mdc x model are ‘ni~ disc rete tna ppe~ m ‘des w herea s the t a~ s t ~~s~ mode Thus part .ula r aspec t o~ the problem will
step index model has a se~ ~~ ( ta pped as ssrL as nad ij t ion be betre’ understood as we develop the t o t a l  tran sverse mode
modes In our discussion oni, the trappec modes ssui i he esgensaluc s~ w t  io ns
used and (or ~~c i.ake ~~ . ‘ns’e nicn~e we ~ssnside: ~he pit a Fo’ the sake of simplici t> we consider a s%-mmetrsc wave
bols~ rrsdes p ; . ’fa ic  l’hereli’re . t he dick us.. j ss ns tant in the guide stru tut? along the vertical so that 4~~

,s - • +~(x - - s i
active Liver is idouhk heieroitr u..ruse GaAs -A )GaAs lasers are generall3

1 • - 
~~~~ 

fabr ic ated witl~ equal Imounts of alununum in the p and
C S C O n w- ails sandn’schtng the active layer ) Outside the actr ~e lay e r .

where £~ is the complex dse lectrs. a~ s • 0 F!,or hI ~~, one the w- a ’vef un ctso r
gets

C~ •ni 0~•sg(O$4Oii& l, ’ ’~ 4.(~ ~~ B ( Ucos Xx ex P { ( ~ 
- Y ) t )~. 

-

Lung th. parameters n~ • sitO), t~ r ° ~~~ 6g. and ‘s~ 
we

have ‘i 1 ( IQI

~ (2n~6” s is.6t ~o I0~ l i • which is ss mmeirs~ about a • 0
To determ ine Ri ~i and the propagation conslan, •~ .it ss neces-where R~ is in sam . ~. has dimensions sans~ .g F 1 are o-, ~~ 

-

~ sar~ to appl) the appropriate boundary condition; at the
The w ave equation becomes hetero~uncnorss Therefore at~s • d 2

• - - a’k~,r~) ~ • 0 ii’) Id\dx 
~ A:.:~- )*i(x) J~ 

B(
~sl cot ~x d~ (20)

The solution of 114 )  yields the standard H-U w avefunctions
How,v,r, if w~ rake a single H-C function, then the boundars From the inverse Fourier transform Th~ IS

conditions at the heiero~unctson interface s cannot be met It -
~ —is therefore n.c.ssar) to defuse a mode as one being a linear Hii~)• v,(~

) ( 2 3 )
combination of H-C functions The solution has the form I
1 the b subscript on w Ul and ~x is temporar ily dropped fot where we have defined the transform pannotationa l con ve nience )

i s c i  w ,(* i • j ~,W cos yx dx (~~a

where
v , i X ) ’ ( v, ( i I c o s *xd ~d~(vI•cos q,v f lO a t ‘ ~0

____  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  - - -~~—-~~ 
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Maicluag Use f l d  denvatsws psi’s TAIU I
w ri t s si ~

- ~~ - ,i’) iti 
-

. •1

coe~ ,rd~ ~~ ~~~~~~~~~~~ ~ - -

flw r.em ~.s ~~~~ 

— 

~~~ ~~~~~~~~

/ d \  -a aso~ - a asi , 
- 

a car:

• tJO dv~..~,2 i C 5 0551 -S ears )
— 

- a• . 
~~~~~~ 1

0, • 1 - 5

Using the onhogocahty relation •.. -• ‘a • ~
I.— I S • I~ t w

p
~ Sal v~(xi dx 

.s’,6,~ (24~ 
•

x..i p.n, .ars4asw.

where ~~ is rise Kron.cker delta an~

.
~~ • (— \ ‘ ,“  

: iu - - l)~’~ ’~~~) Hs(47~)cx.P ~
we get the following relation ic that

I d. 
~Z ,A, 26i - 

cot
• —

~~

-

~

-

~ J~ 
(x’ - - .~~

i )Z/i

The rnauu elements 4. sus t~~s;) ‘

2 
____  

— 
e~ i ( . ’~ .) d~ (30 1

- ~~~

‘ 

JO 
•I~~ .’

.%~~•, in the luru t uig case a — 0 m o  curvanarel.

- - , ~ ~~

‘ 
‘Ud~ - k i t ’

~ 
cot ~~The propagation constan t ‘1 ~ now determined from ( t ~ ~~~~~~ 

— 
q, -

The nonteresal solution us pvc— as roots ~ the equation sin (~. ~)
dat IE” ~2t • 0 ~ 8( The remlung esgenequauon fl .. • I is identical so that of

a-he re I u rise wis~ mains ~.oir that the matrices E and £~ 
the thm.lave, slab w.vngwd. w#sere p. . ~“i’~ 

t ’:

have infinite order Coruiquentt~ . is is impossible ii. find rise • k~~a~ - s~j Consequently . vertical modes found
eipnvsluei •. ~s stand.a~ tectunques one approach us t~ 

(roars o h  can be ds araclenztd by dlfi.rens q. values found
a ume a mausa and deternwse ~ from the resulting (roan p, Q• Ian IQ,.d. .1 The g,( .. . 1 values u d  us
t ranseendststaa .qsiatson ~exr expsnd L and~2 t ~’ 2 X  2.etc t S i are very close- to g, when.is unall ttypscal stnpe (asi~
The resiaitusg sequence at~ values thin (anne a Cauds~ ~ - s actur,s) Frosts (1 ~ we find ~1 • •
quince U the uence approaciw’s a ‘unutusg value as the
rnatnx orders increen Users the sequence converges In Table MUM WCAi~. So .ctioiis
I we show the finidasnerstal mode ~ values foe different matrix Several numerical solutions prn~~as to contempoevs
orders Mote alic’ the expansion coemcwnts 4.. ~~ . A. stripe geometry L~ en wall be presented nose- in pse-licuuar see
can be calculated afte r the appropn.t. eiginnlues sic fosusd wall study the ~~~e.~~ ce of the .Igestvaluis pertaining to the
For the saae of completeness, a’ this porn; we reconsider the fundanwnt~1 wavegulda mode and fsmdsenesstzl mode ~ot

various modes involved in this formulation Different lateral urns as a (unction of du bs psom.tr~-
modes an found from solutions of (28) Foe example - foe a As mentIoned preelondy - the tetution of the s~ innlue
‘ I mania there seth be only one eigenl’alul . the one sp- equation ~ Rl omno be obaa.d u~~g macnor. of stAtute

peo*unating the fwsdenserstal mode. while fo, a 2 X 2 mama, order Thirefore, to detervrwse the t read of the fua~~~strnal
there exist two e*rsvakues. those of the fvndamenla4 and mode field .oluuons we fIrst assume that the mains orders of
first-ceder modes As the mat rix orders mciea,e . the corn- £ and fl are I x I and tnae~~ then ordsn up to 4 ~ 4 aisd
plate set of lasers) modes is calculated The vertical modes 1~beerve convergence of fields and their stgssvsha.s The
can be found (tints (28 1 b~ ~udlcsoua choices of q To under- specifIc parameter-s sunG us ow modal de(Inatg the parabolic
stand this, consider fir-si the simple 1 ~ I equation with H-C ~eIectnc conasant an peers a Table I hi the table , we abase
functions the values of the normalIzed prop~~ uon constant for the

- - — _ _ _ _ _  
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along the Lsteia,1 di rection is a fun~uon o~ the put or cau se’
inve rsion at that point When the value ôn is negative . the

/f -, index ol ict rs~tion p,ovsde s art intiguiding ef lc~.t .  while if bn
I is positisc the refractive usdex provides a guidusg effcc t hr

, - 
- these calculations we assume the relation

a- 04 \ 
R~~ 6 n 6~~cm

where the parameter R represents the effect of the gaur on
0 the index When R • 0. the index has no curvature Assume

- ~~~~~~~ :o rusnplr 6g•JOO cm ’ and R~~ I0 ’cm then &~e-OflO)
C S  . 4 4 5  0 5 4 I S ~ ln Figs $ a n d b w e t h o s e the totiiw;dth of the fundamentsl

L A ~ A., ~
f 5, ACE WE’, 7 5 ~ CSO*i mode at halfpower as a func uots of the gain width ~z. for

~~~~1 T~~~ i A,idpo ,o~ th. !va4am,ntaI wev~~suo. mod. mdex itept it 0 - st4 •O. I (Fig~~~m and02(Fig bl. s n (a l . the
tOt 4d!ar,.t .~pe~~oa oid t, C 1 p.:s,wit Ow oat coseiPoa.is ’ t~rra : ,ravl ’~ thi~kneu ~s o: ~sn-s while in fbI the width us 01

&~ is lot tho foul ~ompO 0! aa- Tsblt I pv..i Ow co -

p *seoo co.ffic~~ is a-soS itw a-’ ve”~’ 
p4u mct.:s joi n

I, un~ the single H-C furs~tiors 1 -  desc ribe the fundamental
mode the spot sue B;; ps-er b~ 1 1sa r ,iior s orders and the expansion oeff ;~sents 4 , ahere it is 

-

a btrraut l) assumed that A 0 • • (0 f u r  *1: ~awi cote that • 
•lln .m ’

! , ut the tou component case the magnitude of the .oeff icienis I - F
Je,~rease t rapl dl% which me an s that the stru~tu1r in teg ~~r 8 where F is the v n; sl field confinement factor and
has art x dependence ot the t - ’ r r  it a Gaussian function
These expansion ~c~ f it~;rnts 5r~ i . r ~~ u dependent upon a. • Re,2 ii • ~ I~,tø Keal (2R • a 10 ’ À y ) 1 (34 1
geometncal parameters suci-, as the isr ~~ width .1 and dsele~ ~o-~c

steps The - i t t  . conserger.t o the 4 : %IC’%t is d d<

~r eaws Thus means tn t ’  hir casst iea , tugi’i perce ntages Tho’ peak gstt g~, ii ps-en l’s

hugh-o rder H—C (un~tions are pres en t in thr funJ,ansernns. ~~~~ f l  • m l  • ‘L,,a~n0 G IO’ ~ F
itS iiside It thou~d be note d that the salue of -s changes tO • 

S À  z .,  I0-~ 
• —j:--- 0.

with matrix order . however . (tie difference ber’a-eer s~~~~es 
0 0 0

us-, values dec re ase s a r t ?  ci ’,je’ In gerre a ii r~~ nd that Thi’ te~r- m l  - F,o 4 F in m~~~ t represe nts loss in the p and
the single-component ~ase ii re asona~ h accura ir for strut n-rep -no adt&4-enr it the active liver a-hen 0~ • 0< (I~~j
lurei which h ave large d values cit a lie n the .~pti a !t i d As ar example tak e d • 0 jun • 10 urn • 09 aunt
eneug,, ss corsfined to the a. ttve rep ’n B • ~O ~rr ’ 0,~~ Q, • 20 cm n0~~~~r’ . st~~~n< - 4 a n d

The la t ers field distribution cit the fur ame nt5 aawgusde R • 0 The confinement fa r to  F • Or’ so that m t s ps -es8~
mode a, those-n in F~g 4 ( urvr C1 represen t s the Liters : f reAd - 

~i— ~r hu”r out more exact model we find a spol sue of
pr tile a-hers the matrix ‘Je ii • I icine component u a hile ~ 0 jun ar ~ percent difference In general a-f find that the
C1 pe rairn s to the matrix cf  orde 4 • 4 ‘ f ’ ’ component I It ;om puted spot nrc using ow model differs frosts the approxi-
is important r note shar the curves C, ari d ~ . air almost ri-sate B l’s as much a; ~

( percent We show ii- Fig s’ (dashed
identical a-loch implies that the C ersv-a ues and fIeedo air curves, the apptc’srmatr beam our B found from m~~

; The
converging rapidh with resrse ’ to matrix orde r I! is see i’ relative comparisons bet ween the approximate curves and the
that the effec t of the hgls -i irde’ ir rns cit the field expansion numeri a ones art similar (ii’ other d values end inde x step s
is to increase the lateral distribution of the field ~‘r so’ increase The active peak pan g~ it shown us Figs - and B We note
the field spot size Phvsscalh - the spot size increase multi again thE ~. 

is hciien isich that the modal gain so $0 cn’i ’
frosts the optical field us region ft leaking energ) into the to account (ci t end kiuns The two’ sets of curves are for
surrounding livers 4 and C Thu lateral spreading effect is d • 0 I and 0 2 urn . the required gain for each set start s t c

due i the fact that there is no mechanism r~ tateralts confine in~reaw (or i,, values hicks-. — 10 j im F,nal?~ we those Jr
the wavepusde modes in regiom 4 and C. lateral confinement Fig Q the peak pm t. a; a function of cav1t~ thsckneei D fot
is due iolet~ it the graded dielectnc constant us the act ive a given pa region thickness z~
layer B

We next ;urir our atten t ion to calculations of the lateral spot foNd vsiON

at halfpower as a func tion of the pm distribution pararn A sea mathematical model describing the wpvegwde modes
ncr z. In these cakvlatsons we defuse s as the point cit the stnpc pometrl injection law has been presented
w-tsere lateral gain is zero. it - ~

g 1. The ‘j ive ‘
~~;< will he Previous niodeli used to describe these lasers tiave not peers

appropnateD~, adjusted a-’ thai the modal gain G • 2Res ’ iuff’,cient detail to the mteractioas between the vertical and
i~~)• ~O cm ’’ which accounts to- radiation end tosses This lateral fields and so the nature of the boundary between the
‘live approximate s the end Icieie, o f ,  laser of length I • 4( actvve las-ri and the paws-, r and n .A)GaA waUs The model
urn In the various curves obtained from numerical calcula - presented here was applied to st ructurrs with dielectric step
t ions, we assume that the index of refraction at a given point ‘nation’ us the vertical direction and with parabolic vans- 
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The Effect of Device Geometr y on Latera l Mode
Content of Stri pe Geometr y Lasers
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ste r-s a the Is- ,-  hete ’~ iun,.t,,,r. boundaries and th e ttti , i,r~ -~ itidt n- a Se’ - cu t v ’ t ~ CU” SCS t , ’r the latei a m~Jes as a lunc-

- the actuu ’-e ne~~’r I I I The AI.~ st i ’  (11 t iCe  ,cr rro: tm—nje~ .~t t~~ r ,-t  i~~i ’m’ width Ca~ ulaticuns indicate that aL ~~U! guided
it--C’ ,htujli taos -fCC! is ~~~~~~~ a r j  “t ¶~-t  un .t’!tiir dii- itCh m,-de. are present undet the sinpe though the-it rrsod&

C t e c t ! C c  profi le ir she pun-~~t i ’ r -  p-Lane ‘ t ! rt ’e poniset’s desaces pins mat be tflsu!~tc,efl ! to t  os~ilLati.in Lathe r s-oil. related
Currer,n t f l .c res ’ .ent’- u ol- ;itu~t~~tCs t , ~ rt. ’ .h,,.e lut!.’,a hjndamenla -n- ’dr operatui’n to  a-aveguude width ants- fo r the
“CC n a tj  ~a ! t - 3 ~ mode •‘penaii ,-r- ‘vi’- a. aids- a ps -ar - er~itu’,- ‘r s rn;-’- i sajed aau’egt .;dr 1 11 1 .  CaI,, utatr d fa r - l ie - Ic patiern s fo’
range as -~~tak nan,~ s- stri pe Lase rs reflect fundamental mode dzstontonu

Pri-s,. - i ~ an-ab s-s of t ’ e  C.it i-t ij  n-~~’~t s - S ct st r i pe F~-’-se trs dt’u’, nhe d Put ~sbe,. & er a.
U S e- i-S h-eve bee-n made Pu~ assuming callous dielectric pt”fIleu

~ I- l i t i  The ima~ nar) per t-.l the d,eIe~iri~ ,.onsti fl t s -s e ~~ 5’l C,t (P( . Cn an - s -II Pit-In

tied to  th~ pin h-its profile while the ri-a pitt a-as relat ed t The detailed gecsmetr~ of the osade - stripe stnectute is shown
the reira ~t ive- usda-s and Its ai ocutec ~ pert ar ’-uatuo ns owi ng it’- Fig I in ‘whic h t ons denoted S’s unprimed numbers be

the competing influence o’ ti- i- carts-i in~~ctbon mt the beneath the metalhc stnpe wiule regions sus ocia ted with the
a~!ist u se ’ and temperature ps5-tik (5~ Recent esp en- primed numbers lie beneath the oxide The fields are confined
mentai measurements ‘-if the laieral ii ’ -feeL radia t ion patterns ‘s r’t icafl~ to region 4 due to the refractive index barriers pro-
“

- strip, peometre devices tndscase that the local refractive duced by the two hetero~unctsoin at the ~-4 and 4- ’ region
itsdes of the active region is depre’aned w hich implies that she boundaries Latera l confinement to the region be-k s- the
mode is stronØs pin guided ri metalbc contac t is due Is-i the variations us the effective corn-

plex dse %ectn c constant The nsath,matscal model follow-s
rrewe,d 1*cv,nhe~ a s.x Tc.Is-d P etwaaa,s l~~’5 from thai fi,st developed hi. Marcatfh 1121 and focuaea atten-

Tin. — - - - 5 - sas avpponed u’s 9w 1 r.- ’.d Stairs 4mu he-s-arch Of’s-a
The a . ’h” are ‘iii l- the t ,pa-~’reiu’ of ICte csi u n.,n~~ 

non on the unshaded regions shown U’s Fig 2iat The width
and thic knew of u pon 4 are s and d~ - mpecnxelV The~~~~~~~ t ! n-re~~u’s ~~na. 15’ -
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DLl .ANES AND SL ’TLL * DEs-Id GEOM1T~ ’e AND ST*IPt GLOSILTS ’I LASLRS ‘Si

The optical fields are divided into two se-n of modes E~ ,
and E~ ~ 

11~ Since- contemporar-e. ‘heterosirtact ur, tue-is 
________ 

have thus active regions ud - 0 3 to 0.3 jam and electric
I r fields poLarized predomananti’. along the laiers.l direction

- 
I [ - ~ direction u’s Fig 2ia we n.ed considet oni~ the

S 
~ 

modes Furthe-imort we restrict dtscuaaort to even
modes with respect to x - 0 and -u • 0. and assume a mode.&,e• i 7 or the- form expS a ..it- vn where ‘s• -G . •tø ia the complex

~~~~ • —
‘ propagation constant The F 

~ 
modes are detemunrd from

the field equations Ishe superscript s is dropped i
,.ave a 5 1

F - Cross arcuos at coawanporan ,u~~s g.oansan Las-n • 0 ( is

£ •!~~~z (Ib)

-, f ~: ~
- 

-.1 ~~~~ 
~ 

- H, • 3k& a ’ ’— ~~j E , ( t e l
a. a’ , — - a ar’~s ,.~~~~. ~ ~~~~~ I °~-

- —i i r - 

-
- 

~~~-:~ 
- - H • — —4~ (I dl

-, _ \ - _ - ~

- a -  
U

_______ 

H, ’— :-‘- ( Id
*~ v~ dx

__________________ 
a-tue-re-tn &~ is the free-space wavenumber, ,~, a the free4psce

— wave impedance , and a is the- relative dielectric constant E,
satisfies the- a-ave equation

b
• u’~~ lk~~ •’u iij •0

—J-•-- ’.--- where
- 

• .
- C ’  - ‘ ,~~~: b,-~(row 5 Doe of U.. acnv, r~ uos at sa arise-tier . & t  a

W a ataL ‘asoda. -5 sire- wodet of s-ta’, .a.en u sa-a, par ‘ot. Referring again t c Fig ~~a the- 3.4 and 4.5 lines isp. ILflt
p,othe and ‘c - n*e- ssod.~ OS r,ftacti’s as ss Ui aM aetivi il esi real ‘er~~aJ ~~~~~~~~ ~par.ting two dattnct materasM.

These boundaries are of cour-te he-terojwecnosw. with buatlt -ut
‘c- rme r us twn nominaUs as the stripe wi dth For a-eli-guided index ne-pa. sc’ that la sr g’saadln; results from a po~ttve indexmodes . tlse field decay, exponenoall i- ta regions 3 . and ’ increment The 4-4’ dashed lines repmasst boundanes in the
Th. power traveling in the shaded regions as negiagib~ anc no tate-mi dn.clion which separate re-porn having different corn-
att empt a made to match the ~‘ie-u.~s along the- edges St Us- pIes dielectric cosustinu lii some weveguidus; stnictutes
se-tided areas j I P t hese at e~s, boundaries isv not real but are refereed to
Current flow-rn; into the active j .e’ frc ,rr the- contact spreads as pwudc” because modes are confined a-Pie-ti the effective

u se-ru ts with distance thrift, the contw w that the actual ref rscu’e index step . as des-tied from the imapnars- parts of

~pus width’ may be different from the stripe contaci width s the compis~ prop~~ uon conssanw on either side of the
The dip’s. of current spsvsd $ determined b. canwr dlffuaom bounda,~r becomes posit’.. Tb. lete-yal boundaries of Ftg~and depsssde on th. thicknessea and resistivitses of the pG~~s 1a separate pai and los repoes ~ the icte-’, Isyar so that a

• cap’ layis and the p-AIG Aa conñnmg will 133 3 1161 F* guiding mechanwm a provided r.~ rdle of a posit’. or
(bi inda~ tas the srep profile of the .ffect*’, pm absorption ne,atrve effective index step at the bounder)’

and the effective index profile a illustrated us Fig 2tc I The The importance of the lateral 4-4 bowsdity becomes ap-
actual r,ftwive index of the active region a compscalsd l’~ ~~~~ we develop the rip squst~ass pertaiewi$ to latefil
anomalous daierwoss. thermal , and free-amer effec ts IS) . co,sfljuemesst lii regions 4 and 4 the solutions of the wave
thes, effects are not included in -“ea r anal-s-rn since we are equation become
notasm; the influence of overall device gaoItietf’~ on losi
peel oemance In our model the effects’, die~ectnc profile COS (fIr, X )  C~~ I Si,, Vi I ftgiOli

I modified tints P-i. wave interaction with the acv,e region - s
par and the overall gionw’tricai structure For ewnple, the 

~~~~~~~~~~ 
COS (SI1•’X~ Cas~~h,,• ’~ )

diSecinc peofihes of the srnpr contact and CP l f s  ate ‘

affected tis the nsetat-oxide levee and the etched ch~~~eh. 
~~~~~~~~~~~~ 

1. 
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lElt J~a~ K5. M, (II .J1 ~~‘s I L M  S t~ ~UL vi it  h( I ~L (~L l.t I’J”a

The ~oniLant 4~ is Jetermused l tnri norrnslszaticn conditaons - -

lii the lit, region , the propepuon cunst$nts h and h are •
i s ,

~‘Crelated t~’ the ~ompk s dietcctti~ constant ~ b~ the- equauoos a

i t ,

I it. i t~ e .)mp(e~ ,,iie e t ‘11T •~ ~ wtltte-n as 
-

~~~~~~~ a .,,
.
. . ~~. I

_
I ‘ ‘

~~~_ (~~‘i ~-~ r RL IC ~r.
Th~- smapnar~ ‘a’ ~- h the - e~r , .~ - !Uthi?’h t’t caJ ’ regior; I s~, 3 ~.rnrrs1iJ~d ~ias~ tt cvr,ts I-’- the lateta, sat-p m ’&L of a’

is , tC ’ hbh ’ htUr ’ e U ’~c-r;r ,a r\ - ~‘r ,a .ie:ati~ ns I ,- - es,a,mptc lfl t&”t ,as,( V. .~.e-sn4cs ‘ai iP s slut-s rrprts-nlc4 t’% points it list
a ¶ ‘~ hat Of%Jc h ~SC ~a~u4tto r ~~~~~~~ i , t he .omp k u ~~~~~~~~ 

, .~ r,,U tr s ro P~’ratr ~- nls list fun4amentaj a r!a, mod e

~oflStaflt t,i.t”i the 10th” ~ 5 II 0~ t o’— • 
~~ 

l5~~, a ts ~ - c
55 the in,,t ‘- ot -~~! t a , t -  ‘ r . O~ ii t i t t  ~ptLa ~~~~~ 

( ut~~t lo~ a par1sc u~ab late ra l mode occurs a ht-a- Re tII, I -. 0.
t S ’  itt Use it t’. bt ~~~s ’ 1, an d a is th e a~_.un perrnu!tas-lti It , a- t he mode is not ~ ‘nfined t~ the a~t i’-r region L quataons

regions 0 -‘r~~a- - “ ‘ t s ’r Irepor 4 I 0 is pteat is-e a-tusk ~ 
5 t  a id  U”’ are separated ant. - rca and irriagsnar~ puts using

-c ~~sr,s having population inversion Ut-pot, ~ i. is negat i.c 11 H~ • i11 ’ ‘-.ttet mino r manipulations and set tin lt /1 . —0
As a res,dt the maginat’ na’ d. is ;‘~‘sit~.e wt- - t ’ taUr

It is r5 p . ’ sta ns t . not e ‘ h a ’ th~ ~ae lectts i t t -p In I — is the - - 

~~~
‘ •

di1teren~e t.etaeer, th~ ie~ ’ , t t s ~ constant s .‘ rept~~ 4 and 4 — ‘ I I

to n.iuj e- I t t  e ’ he ~~. ot the r~ h - ‘. be- ri.  th’r ,-t Use i c t is t -  - • -
f t  with ii , rep- SU ’ - It is re. eujt~ t ;c b~or the erIe, tU%f ~f ’  H~ H, - • 2 — H~H 11 2 1

step r io ) ~i This ,aberi ~ ste - p ii l.~un,, bs
I .iL u :a r ing a - s~ ’~~w s  rcopa$stior , ‘ f l s tJ ’U ’ “ ~ H. Sit it (114 5 I H, sin I/I, Si ( I  I
rraruvrrle imide .nin~ a (‘Dc .aue- niode )l a~t h flute-na.
lJenti, a~ I.- that of regions I- ’ Another propagation .~‘rs H • H ’ ~~~~~~~~ 

‘
~ . 

~~~
‘ ~ I 

Ha S \
staff ~ $ - ‘rnnuted uung regions I - The effective .. ‘rhiçne ~ a a tan - 

\
‘
~~~~ J t i C s

refrac tive- indexes or these m odes are ,, t~ .t~ and ‘i ‘

The e ?t r ~f,v, ds-teCtrh step p , - ,,,ve, ,~~ 
~~~~‘; - -p~ 

EtUmina ti f F /1. - art the- isub three equations we have t a o

lateral mode chatic ter is gout-a-ned b-i the c f te ~t sue step abu~ h un uitsne~u~ equations with the variables defined as /1.5 and

f tse icitail ds- ie~tri. ~- ‘-taunts ot the a~ti’.t ~~~~ 
11.5 a- here the tr:t’ , ,. ~~

‘ 
.~~~ is treated as a parameter In the

is th~~ of all vertical regions 
- 

.“ kisilets a-aueguides , .~ .~~ • ~ Fo r stripe romt- r~
ut ructum, rIte rat s. ” ~ .~ mis of cour se be either positive

Ct - rot ; ~~~~~~~~ 
, • negative Therefore, (or a given ratio d i.” the quantitie s

The basa~ conditions r.Iatmg the wave-guide stripe- width to ~~~~~~ and 1 1 c  can be computed and substituted into II) thus
he die- lee-I nc ste -p at cutoff fot the- various t ate -ta t des gii’sn; the value- of S at cutoff Fig -~ shows c .~~ ala tune -

discussed in this ,ectuon For the structure shown in Fag ~ 
lion of .~ ,~ Wave-guides with value-s ,tpresented )~ points

the esperivulues poverisin; the field shapes of lateral modes ~~ 
it the shaded region propegate- ont~ the fundamental lateral

determined !r-”n” solut ions o’ (~ for e-v~n mode-s while the mode and points above- the curve labeled mode- 2 propagate

odd ~~ 
the fundamental and .e~und—ordcr modes

- I.- understand the meaning of the-se curves , it is important
• 

~~~~~ (
~
, -

~

. 
‘

~ 
t o understand the origin of the .~~

‘ and ~ values The real part
a, • , of the dielectric ste-p is related ta -  the effecti ve lateral inder.

il ’ r umpbclt) . the -v subscripts have been dropped step , it ii posits’. (or index guiding and negative for pan or
In add iti on h, and ti, satisfs t.i (or both even and odd index antagiuding The lmapaaru- pars ‘a proportional to the

modes The- ritso s , a, ~ t for contempotari laser sfructurel eff cuve gain and losses of the active li ver The (aci that the

1-  fac il itate mac tune calculations we normalize the titers; ordmate conta ins ~~ imp lies that foe ‘,gtven S. the pan of the-
wave-numbers and active region width seine re on can be made tarp e-reouØu to make a’s; nit~~
H • (9i 

propagate Mode selection is sole-Is due to the cavtt~ Q, those
I I mode-s requiring the ut-tallest gain trout the- active region ate

i l O i nested
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3, 3 ~~~~ , ‘ -I I I n - ‘~~-r.a, 4c~~~n4rrs,e oh tist dse-k. tn. oq rat, h. -i
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‘ a ~ .erw. ¶ h -- r ,tafii h, r--.aL

‘- ‘ h ’  i - c - ’~ ’ c~~~ •aIi’ ? ~~~ S t  - ~~~~~..- -  .,, - ht ~ott

‘ €.4 ~C~X’ ..*. ‘ uni ts , “ ~~a. - - - ‘ -~~‘ ‘ ( SI’

ture- - ‘ I 4s t’ a - ‘c:  ‘- 1 ~. ~~~ ~~~~~ o r
S - ~ I - *‘ it, - - and cr c i t’ ’.t”r r a - , - ‘ , ,ust ,’ -s- 

n v a ; ’  ..,ne-Is 1’ c ,hannc ae rbt I &~ ratarb lc tebs;iaO ’ , - n  fOt ’ P t C  - a -  ‘‘‘-‘-a 
~‘ ‘o - - - and f ’ ’  (P law ’t ,  

-

~~ ~I, ‘se’s- 5 -  ,l’sd rs ,c ” f ’ ie- th ’st- s t  kiLt ci a- (I~ ihe
.a ,~~ it o- -t-: ’,ss r  v t a - i  the ~~,d~:st natur e u the

~ e-~~~i~~’e-~ i ’~ Q 5 ~~~~
- I :~ channc mode: . F if 4-4 t’ I

- ‘- :s Ia- - -1’ a ,t,s. .0 se-.me s -e-c;f~, -* a’- r : .;.s e g’t-i’mettje s ,i a-t n ‘ ‘i, u.k the influence -I  th e contac t
i’ - au. .auiir 4bc  ‘ ‘ar thapes as~~~’’  r :  - ‘ : J ’ ’ c ” - -s~~t o r ‘a - p t p i ts -  

~ 0 i~ rs -r t e - d at a functsos-s - - - a t  tape w idt h
The itt -ta , mode n’ -~~ - ’ rie~ j t r  Je - se -  - - ‘; ,-nc ~ t ” ’ r r  b - e -  eh ’c . t i s a- a t - - the stti pe ~rr, nwr ts  m d  ( SI’ mode ls it ags ‘ — ‘ a s arid
due - ic . to , at c —  as the 3~~4 r- ’ - , nd,s t - the ‘.,s, - t ’ ~~ :’ ac5T 3’ . lb- I  reaI ’r - b - r , .  I,. I ‘is a I i s  .1, • 0 ar- the gaits

t o. ‘se t ’  it Ic h’s-si te - ’ , ’ .;‘ -s t s r  c a t  ‘‘ - ‘ ‘ the Jr’ ,ta ” se - s i t S rn ’oj r inca -cases s a ’ ~d’ s to t  i ‘-. urn w hereas
-re-a -na ‘i sn,~ 4 a’ well as the -se - a tate ’ ~c - s - o r b -- . Thc b liC ~,,ss s -  the ‘-c - - s - , “st -sic s - . ‘cites ~os ‘ - - R- a-s This
t’ t a - ,  - - t r  r ick , :si , st ep tot  a given last- s rot , r u se  as ute d an irss;’iie -~ as optimum a value hea between and 10 an- When
I and I ‘-u s  i -  - “ui”’ the iilera,~ t -i rfl u$ttifa ~s , ass -i ~s tot a a, • 0,~ urn - ç,, ~at ,ae ’ are higher be-cause Eigh t leaks tri te - ’ the
given xt npe- width a and  shrestsa4d gaus ~~ Tts&a active re port p-&.aAs .ap In Fig e~~t ’ i g

~ , tot the fundamental mode- of

~a u r wit aj i asied r~- given a me-silt- •~u,tt travels w i t h  (.- • ~0 the CSP Laser has a soft dependence- on a’ between 0~ and
S 3,. , -

~~‘s ’ “ radi ati o n ciilt’u-qnd i ”ssct O F ant However . I s  t he second mode,~ ,,, rises rapidI~ lot7%” a t ’u, , uo- s examined here are he- s Is t -’r fa’ ’met ’s in a’ 10 urn and :0  F urn For ~a ss ’ -ablm single mode opera
F,; Cl at and the chanrie’! i(’Sl’’ Fig 31 h 1 Represen tat ive tion we conclude that l ’ s  • U -~ ama-n , s <  — urn while I - ’
mate-ru) rar amesers are included s s ’ - ~ !~~,i?Ci U particular t • 0 ta jars t <
ir- ’e’ - I  is the- tit i. ,.~ .~~

‘ wt i,s’sh ia measure ~b ‘he s t ’ eneb ~ - ‘ I a1 structure s the gain curves show that tundamental
index lo’ index anti- a gu iding in a late- m i  i~ I c k”Jiflate mode operation a lwas s oc~u s  because it s threshold gain is j
alue f o  the C ’ s ’ .‘“ uT’tt .~ I ”  the st r ipe peon-se-Us is vn,alksi How-r u-e r , actual des-ices w ith large a values op erate at.

is’ . ~ia I  versus J, the p.w-aii tn t  ‘,neas lit the high-orde modes This occurs because pin profile deforina-
p -~~ai- ahon’,c h ess ‘‘ sat I tint s ‘ h r  t’- ’ -. usun ~ 55350-h ’  “ the tiofli cause switchings of mode preference The-se- instabili t ies
,- n t ~~ b 5e - - --oes annise ns in largcr m’ orr. - - ~~~~~~~ it d. £‘ are frequenth observed in stripe lasers and to a kr-se-s degree in
Ir this ‘s- ‘ , le - , s-u , a ser a ’ and es ‘-ana ’ t ’ r  in sri,- a , t usc  s iu c’ a CSP devices The pri-as-ninent reason lot snitahilitses is the (act
ar-turned I gain i i,Iar- c -n~ s~ thi- nqatiur ~ .~~

‘ t i t toa  are that it s-i t-it- fenmetrs avers have gain guided modes influenced
s.-’leI~ he- cesu ) ’ prome t ns an d pt ”simi !s “ the Elite In gans rroulk deformations. These index antipuided modes
“eci - ir ‘ the- ~ ,nti, b The s a s s -  .~~

‘ 
.~ f •  t he hj nne- a s ’ u. ha ve negati ve .~ a.” values Eve-is thought the actual refractive

_  - -



- -~~~~~~~~- _ _ _ _

_ 14 irt i  lu t K - ’ .A.  or )I, A~~fl’M £LLCTRONICS x’ot. QI a s .  isO a AUG UST ic- i ’

- 
‘

- •  
- 

i - .. ~ ~~~~ ~~~S ~~~~~~~~~~~~ ,. ~ S 
s

_
I’ - -‘.‘ 5 ._ ,_..

1 ...,’ -~~~•.•
1 1

— 

t I 
‘

~ 
-

- ‘  S S
. 5 . .

I 
,,
“—.- S 

~
, I - .‘.. . - 

- I -

- ‘ ‘  ‘ -
£ - . - I

a C 

~~ ‘~~~~~~ “
“-‘~~

,
~~~~~~~~~~~ 

.- . - 

•

‘
~, 

. i_ __, - -

S’~~~ 4~a • s.•••C ~~~~~~ • ~~~~~~ ,•‘••~ ~~~5 .~~ ~~~~~~ 
,,.,s•.. ~~~

_, •~~~~ —

.as b ii (b
F ~ S A - u-is ri~ oa ~~ii S a: t5j Vsoid ‘va-Ca , •U~~s wvi th I tøt II - , , ,~~~~~~,

itrip. .om.tru ~~~~t ar.4 b CS? avei , 
‘

5 ,pr\
~ : - “

-
- “4 

—

-
- 

-

~

-‘ 

u

’

‘---
.

. 

‘ _ 5_ •

.

-_ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _

- •: -~~~-

~~~~~~~~~~~ 

‘
~~~~ I 5 Faa- r~n~ ri4iaflo. , pstttf va to, tM t’o.n geo’neurws d PiCUsC iS

Sa l  inC i b u  SS~ hot Itt~~ flothIttT) Lu~ s %IW( ‘ci Mad di
at. tot CSP taait

— N - 11 ~:ei.t tnte-nsir~ ii

~~~~~~~~~~~~ 5~1, •4 ’C ~~~~~

* 5 ~~~~~~~~~~ I O dI ~o~~ioii t s~~”s ‘u’s ‘si-ions sosi tsw -s S ,cii ~~ ‘ i t  esp a* s- a-t lit
‘soflsd -~ SM Isiwyasaid tatofi cusres Tb. 4-u4sd a-wives ( -s led -

~ inC StiWI 5 0 e aiIeI *5th Ms-fl’S larva .f. • 0-.
Cv’, a isis d i • C’ .m •M. cut’, - a.. i~ • 0.! w Ci,,,, r Fig 84 a s -s d i  ii the Iwsdameistai mode fsr’fle-Id patte rn for

~~~~~~~
d
.;: ‘~ °“.r’~’ O t  POt the- (our contours of F; - Fot the stripe pomeu Laaer of

• cua~~ 
Fig 84$ i. d, • ama Twin peaks start to develop for a • 8 sari
an. become more enhanced lot unsflet values ol’ s ta-i Fig

odes ot trw active layer is suume-d ~onstassi the ffsenve *ths . where J, •0.5 ants, the twin peaks an mote widely
index nip is se-pure because of mode- anteracuorn with the spiced The larger negative ~ .~~~ v*lue foe- d~ • 0.5 anti ham
metaLlic sad oxide contacts a defocusing effect on the far-field pane-rn . The a-win peaks
For a ves’i stripe wtdth a. the eshies of S.~

’t arid .~ ~~ are us these pine-ms an similar to pine-mi calculated by Ar-beck
calculated Contours represenwag the different st ructures are ta- al 1 lot nanow sinpes using en Eckart potent ial model -

computed ~nt the fundamental mode- pin In Fig we- plot Far-field parse-rita for a CS? laser are showir in F; 84c aiid
the locus of points on the cutoff curves Hi s.orde-r mode Idi ha the limit as the n.coriflning wall tiuciotess : gets Large .
cornours w ould follow tho of the funidansiental as lisp, ~‘ ~~

‘ 0. Hence-, the patterns of Fig 84c) an similar to thos e
oe-daiwr values but as a 0 the contoun approach different of Fig 84s, where ~ is small - In Fig $(dE : • 0.3 ants and
hesiting points, foe example - the second mod. terminates on the twin peaks an a bu tt, the light is closely confIned to the
5 1’3 . 3 $  and ~ .~s 0  Mote- tn t for the strive ge-ant’ center of the stripe white the defocvsing elfsc*s of the light
etrv device with I, • 05 ann ‘curve bi , the futdainentai mode prop~~Iung in the primed re-pans an absent. The focu~iig
conlow cro~~s the second-order mode cutoff at a ~ $ sari , nature of the channel is reflected us a large positive ~~~~~~~~

below (ha a- ‘-slut - the second mode does fiat e-xi$t at Iwida- ratio
mental mode thresho ld pins Ott the other hand, the CS?
with a- 0~ j f l tt ‘curve d) crosses the second a-node cutoff at
a ~ ~ ants The theoretical inslyar- presented us tius paper shows the

The ~~
‘
, ,~~~ fIgure of me-nt for various strictures is demon- ponwiful effect on the lateral mode content of l n  due to

sinsble in fan-field cakuuauorn us the lateral play, where the the radiation esten~~ig substantially beyond the- recombena-

— — — 4*
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~~~~ P’c~ shed ~r. ~EE~ Tra’- s .  ~ ~‘t- - ’s~svs’ ““-seorv and Tech i’~ueE

R.AD1,ATIO~ ~~~~ OF C-~ ’TlCA ,

S~~~~~ ’L~~~t ~Av EC~,’ D tS0

M. ~
‘ , Scc tt and .‘ , K. But .er

Southerr, Methodist Unlvert ,:s--

~allas . Texas 7S~~~

‘ ,s - e t s t c r  c har acter1s t . -~s and rad~ at ,~cr , f~,e , cs c f  at’, ort ical stt ’ i p—
:~~~~, waveguide  rad 1at~ ng ~~~~ free space are calculated . The- wavegu ides

are f s - r~~c a t e - c  as ~~ t’.~~~ e laY ers of d~~ffering die e c t r : c  materials. A

t -c-~’ layer is etched tc  fc ’rn a “Ca; ~~~~~ en ef ectt ~’e- ~aveguide in a lay-
er be ow the c a ’ . Cc’rr ’ inement ~-f tbe fie ds t o  the uaveguide is obtained

the ve r t j c a  dire c ttc ’ - ‘v d i e 1 e c t r ’ ~c discont .nuties , urhi e lateral con

finement o c c urs becauae — f  s pat ia :  : r t : er f eren ce c~~ a c - ~r,tinut~ of plane

waves. Th, radiation fie d c’f the fundam enta l mode It’ a ~~ ane perpend~~cu—

lar to tt ’e vav eg u ide ~a’~ ’r~ is thara c te r ize d b’.’ the layer v idths and ind~~

~~~~~~~~~~~~~~~ ~eas ~~~dt hs o f the f undamental mode ~r the plane parallel
the d~ e e c t c , - ave rs are - deve c’ped in terms of the s~aveguide parameters .

Values ~- f  these paramete rs ~h-tc~ vie . d the best optical confiaem*nt under
the s t r t pe  can be obtained .

* Supported part bs’ the ~~E . Artiav Research 0ff -ice 
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‘ t ro d uc t  ion

The c p t t c a ,  s t r~~~l ir ,e waveguid e has p c t e r . t t a  a~-çl ~ ca t ion s  as a low os~

a:-ine. w aveg uid e in integrated optical c~~rcu~~~s j ; .  The interest ~n this

~s due to the fa:t t:~at ~s re at: ~-e1 ’ s im p le to  fabr i cate co m par—

:c bur ~ ed w aveg u ide structures having h~~ lt- in d iel e ctr i c steps ~r. both

transvers , dire ctions Ta -se bas ic s tructu re cf  the optical stripline is shown

to. Fig . - A si milar structure , wt th  region .~a replaced by a conducting plan e

and C -~~ - ~ae- ~eec r p ~ se~ fo r  use at t illitieter and s ub mtl _ tm et e r wavelengths

: : ; .  Current re s ea t ’ c~- te -  ~~ne~ a~ producing c~ r c u~ t elaments auG sya tet.  ap~’ i :—

ca ’ c t ’ .s  ustng t~~eie Y aveg ~.~~ e - s .

An overv~e~’ of dt c ectrtc w ave g u t des f o r  rnicrowave integrated circutta has

~‘ee .’ ~:vet ’ ~‘~‘ Knox ~~~ .k.~ ’ng t t ’ e  ~ c’~~t recent  app~~ cat1ons are scann able - anteti —

na. and tur .at- e f~~ ters. ~‘ t r u : t u r e~ have ~‘een fa~ rtcate d for  use as electronic

phase c~~,fter e- at ~ t t?et e -r (..
~ and s ~::.oe-t er s: av e~.eng -~t s ~5 .  Itoh and

~t e - e rt 
~~~

- have stn-,~ a:ed ar e - : y o n 1 c a ~~ v scannab le- ante nna structure wtt h a

~ e:~~a~~,ca ~ scan . A rev ~~e~- - w o r e  ~r, integrated optics has been given by Kogel-

:-~~ uan’~ of th e -  d~~~~~e~ de~onstra ted use the csr ct cal str~ pline waveguide

as a tran ~~i e-s~ ct’ e e ~ec~t. An exa , 
~s t~ e d~ rec t1cn a l couplet 

~~~~~ 
which

c o r s~~~ t~ of severa l s t r  1ra-ei sp aced c:~~e - e - :— - together to  allo~’ coupling between

gu Ides w hic h has ~eer anal y zed us~ ng cc’u~~ed mod e theories : ‘ ; .

‘:“~e- . f f e c t t ’ ~-e - ~~c e)~ ~~~~~~~~~~~~~ I~ a ~ athe t . a t I ca lly s ite -pi e wa y of predicting

some c- f the properties c- f optica l stripline s . This method explains light confine-

ment under the st r Ipe hv asst~~ing an effective index of refraction ate ; its the at-

,ra d t rec t ’ . ” t ’ ~r, region of Fig. A . This effective index s tep is found b~ ft rst

obta tning the propagatio n constants f o r  the structure sho wn in Fig. I wit h w

and then w i th  w • 0. The differen ce betw•en the two propagatio n constants divided

b” the free space wavenumber gives the e f f e c t Iv e  index step.

S 
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The far f l e c r a~~:ac ~~or . pattern of  a cleaved s tr: ;  :a- .- r radiating into’ free

space is a useful was’ to ch a ra c teriz e the structure. For example . thi patter n can

he- m easure d .xperi~ er ta~~v and conpare w~,th these - computed results to obtain

s’a~.ue-s of the v ar i o u s  w av e g u i d e  pa rame te r s  such  as the refractive indices r..,n.- .

and o. . or the dimensions d ,. d c and v . Another potent Ia l app lication of the

st rlp lne structure ~s to.  c r t’.-C a arra y s where the wav e -guide is used as a member

of the array . The patte rn of the array of strip lines is the product of the pat-

t ern c - f  a sing le eleu ent and the arras pattern .

this paper we Je’~-c lo; a ser ~.es c ’f r i g o r o us  ca lculation s show ing how the

f a r -f Ie ’~d rad tatio r , ;a t te r r .  ‘e~~aves  as a fuo.o~~ cr, of various wavegu ide parameters.

c-a !’tI:~~ ar . we c -a :u la te :~ .e r~a f ’c ’wer hea~~ ’cd:~ - In the atera l direct Ion of

a w a’.’cg ut de mode radtating t n t c -  f t , ee  a r a : e .  The va :ue of the b.~~~idth ca close—

~~~ ‘ related to  the ef f e ctl \ ’ e a teral index •t e  and ccnsecuen tlv , determines the

degree ~- :t h which the w av e g u t d e  mod e ts confined tc the re- gco r.  below the stripe.

~c’r example . br~ ad pat t ern s are d ue to strongly confined modes. (These modes

s ’~c’-~~d he less vu , ne r a b e- to  losses introduced o.s l atera l waveguide bends).

A rIgo rous mathemat Ical mode c-f the optical s to l p I lne  ic : doe s not require

use of an ef f e c t t v e  a tera index s t e ; . An extenttor . of thi s model has been de -—

y e - b ed f o r  the s truc t ure Ir, F~~ , . The he I g h t is ass um ed t o  be infinite. Num—

er~ ca res u l ts  are gi ver t o  show how the patter n depends on the parameters d2 5 d , .~’ ,

and the index discor.:Inuttv -

Since the effective index approximation involve s considerably less c~~puta-

tior .. a method for obtaining information on the - radiation pattern to . the latera l

dIrect Ion using thi. approximation wou ld be usefu l . One- possible approach is to

c ompute the e f fec t ive  index step in the lateral direction and then c~~pute the

radiation patte rn of a s’n itri c three la~.r w iveguide with this index step and

a t h l - . n e s e -  equa l to the strIpe width. We have used this approximate technique

3
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ocnput t  the ha lf power hea~.-Idth c-f the fund ament al mod e in the lateral Ct rec—

tion . A comparison is giver. ~.c t b  the res u l ts ob t a I ne d  by using the more - exact

model c-resented in this paper.
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::. The-or-v

The analysIs of the waveguide structure will parallel that given in

Ref. 1C’ . We- w~~l aaaume , following Mar ca till t ~
), that there are two

sets c- f modes, one p-o artx ed along the x direct Ion and one along the y

dt r ec t .or. . For s im p ltcl t% ’ . we w~ lI deal w Ith the modes pol arized along the

* direction . We will further restrict this discussion to include only the

e-yen modes. The geoc ra l solutions to the wave equation It the various rev

gions c-an be wrltter.:

• 
n— 

A r, cos x cx; 
~~~~ 

— d . )~ (Ia)

~~~~~~~~~~~~~~~ • 
,
~ cc ’ s cx E ç ~ e-x-p (s ’

~s’—d _ )) ~ 1(c) ex-p~—s (y—d 2)fl dq (Ib)

¼,

• cos qx ç .’~ sIr c ’v C ( ç )  cos q ”v dç (lc)

• cos qx :~~~c exp r” (d.3 ‘ s ) dç (ld’~

where

• solution of the wave equ a tlco. in the 1th region

k • free space wavenumber

• index of refraction in the 1th region

p • —  (3)o 2w

• propagation c onstant

5 
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Matching th. fIe lds and their derivatives at the boundaries yields a secular

• equa t ion  of the f orm~

let CE - 
~~ ) • 0

where E ~s the -..~‘:t matrix and ‘ is a na t rt  whose elements depen d on the un—

known ~r c ’ pagat ’.o — :c -ns t an t ~~~. SInce :~~-t na trice s co . ~f- , are c-f infinite order

the e - cg e o . ’.’ a lu e s . -,~: ions are found hs’ ta..tng an increas ing matrix order be—

ginning s.iltb a f~.rst order matrIx. Thi, process forms a convergent sequence ,

ccnve -rg~ r.g to the ttu e - va ue c f  ~~~. ~cr the numerical results given in this

paper, a fou r th .  o rc e r  matrIx  was uied . Thcs order is sufficien t s ince the se-

quence conv erges ra pi d l y .

Tb. c onstants ~~~~~~~ and F of Eq. (1) are found by matching the fields

or derivatives at th e - boundaries. The f ield description can then be f ound by

substituting the se conatants into E,q . ~~~~. givIng :

a

A0 cos ;‘x exp -r ” (v— d ,)) (6)
0•1

a

• 
n•b 

A u  I • 2 , 3 ,4 ( 7)

wh ere represents an integral expression .

The rad Iation patt .rn is related to the Fourier transform of the field at

—
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the aperture ( 1 2 ) .  Denote this transfo rm by:

• t~ (x, v) e-~~~X~ 
ky~~ dxd y ~E .

where .
~~~ 

represents the transverse facet electric f ield , and

k • It co, • sin e (9$)

• k sin ~ sin t’ ( 9b)v 0

where denotes the ang le from the 2-axIs and ~ is the angl. from the x-azis

~n the x— v plane . The- far field pattern for the case of an aperture f ield

pc ar c :s d ~r. the x dt rso t io n can be w ritten :

• c:e . cos~ 3. sin3 cos€~ (10)

where C is a constan t and ~ and ~ are unit vectors . It ii there -fore necessary

to obtain e C~. .~~ which is the Fourier transform of the fi e ld distribut ionx x V

given prevIc’ us l~- . Th. result can be w ri t ten:

FO.4 ) (11)

where F (~~) dsnotes the Tourist transform of
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:::. Numerical Results

The propagat ion constant f o r  the structur e to . Fig. (I) with d • C has

been previously calcul ated ~l C ) .  The e f f e c t  of region 2 on the propagatio n

constant is shown in Fig . 2. We have used nornallzed values of the parameters

so that the plot will be ap;I~cab1e to a wide class of structures . The

normalIzed parameters are:

• d:i~:(0
3 

— r.,~~- 
- 

( .2a)

~~ -.• d 1~0(r.
3 

— u )

1 1
— w k

0(n3 
- n )  (12c)

- .2 r.
- 

— - ( 12d)
- 0. ) n. —

V ,~ ..

0, -

• - (l2e)
0

3 
-

.
~

- n .~ - n
2

‘ ‘
~~~ ., (l2f)

0
. - n .3

Fig. 3 shows the normalized propagation constan t as a function of 2W .

the normalized strip. w idth , for  various values of t~... The propagation constant

approache . that of a three layer vaveguide f or sufficient1~ large values of

th. strip . width. For sma ller values of the normalized stripe width, which

are more typical of the values u sd in integrated optics , the propagation

constan t is a strong function of D2. Tot large enough values of we would

simply obtain a three layer waveguide, and the ef fec t  of the strip, would be

inconsequential .

$

— —4-———--- -a--— a



m~e now turn our attention to the radiation fields. The patter n of a wave--

guide radiating into free space depends on the actual values of the various

waveguide parameters and thus cannot be expressed in terms of normalized para-

meters. Consequently, we chose values of the various parameters typical of

those used in integrated optics . Consider a GaAs - AlGaAs wav.guide with

D
i 

• • • 3.55

0
3 

•

d • .O -~m
3

We have chosen a vave -ler.gt~- of . ..n correspondin g tc one of the transitions

it-. a ne-Ne laser. At -. • . ~.5 .~~ absorption in GaA s Is low.

The halfpow.r b.amwi dth o f the fundamen tal mode in the lateral direction

is ~Iotted as a fu n. t1on c-f the stripe width In Fib . 3. A scan to the latera l

dIrection was chosen because the far fie d beamwidth will indicate how well

the fields are confined ate r a lv.  Th Is is significant because confinement

of the fields to . the lateral direction doe s not occur b.cause of an index

discontinuity , and sc t t  is importan t to understand the wave -guide parameters

wh Ich yield th. greatest lateral optical confinement. The degr e. of optical

confinement is important in considera tion s of scattering at vav.guide bands.

From fig. 3, it l.a apparent that the bea~ iidth decrea ses as d2 increases .

For small values of the stripe width , the b.~~ ridth is a strong function of

d2. Each plot exhibits a maximum in the bea~~ idt h , which would cor respond

to an optima value of v. Input coupling to the wavsgu id., vhicb depands on

the numerical aperture , would be max imized for this valu, of v. For d2 • 0,

for example , thi s optimum value would be a stripe width of approximately 3i. .

LL _ _
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In obtaining Fig. 4 , a structure was used VIth n, • • n~, i~ • 3.€ ,

d — 1., ~ • l.lf’L, w a 3i. . and the difference 03 
- was denoted An. This

plot shows that the dependence of the lateral beaawidth on the transverse

..n is enhanced by the presence of region ... Since a large .~n is des ired for

confinement in the vertical direction , this is the region of the plot which is

of interest. Note that when .~n 0.1, the ef fect  of the thickness of region I.

increasing f rom 0 to .2,. is tc decrease the hi.Jpo~~..r beaawidth by about 35~ .

Figure ~ shows the de pendence - of the .at e r a beamwidth o~ the thickness

of the wave -guide region . The struct u re has r.~ • 02 • • ~~~~~~ 0
3 

—

• ~~
a .15. and w 3k. .

Ir is of Interest to note that the e f fec t i ve  index step approximation dis-

cussed earlier ~t e lds  good resu ts for the late ra l half power be~~ ’idtb . Fig-

ure t’ sho ws plots of half power bea~~idth v ersus &w lth 
~~ 

• 0 computed using

th. theory above - curv e ~ and usin g t he e f f . c t ~ v e index approximation (curve 2).

It is apparent that the approximation predicts the  co r r ec t  shape cf the- curve .

The error which can be made using the approximation is less than 2f.. If the

pattern is needed only In the lateral directio n , the use of the approximation

may be juatif led by the savings in computation t ime .

10
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V .  CONCLUSION

The propagation constant r of the fundamental mode in the optical strip—

line wave-guide has been calculated. For small stripe widths the value of

~ is st rongly dependent on the presence of a region betwe en the - stripe and the

wave-guiding region . U the thickness of the isolating layer ii creases . the

effect of the strip width on decreases.

The ha,].fpowsr beam.~idth of the fundamental mode of the optical st rip line

• wa ve-guide in a plane paralle l tc - the- waveguide layers has been obtained; this

is a useful indicator of the degree of op:i:al confinement in the lateral direc-

tion. As the stripe widens tne bsamwidth decreases : indicating tha t the fields

are spread ing in the wave -guide . As the stripe width is decreased beyond a cr1—

t~ cal po int , the bea~~ idth begins to decrease ; this indicates that the optical

f il eds are no longer confine d uder the stripe . The effect of increasing the

thickness of region 2 is a2wa~-s :c’ reduce the halfpover bear”Idth.

The latera l beamv idth also depends on the thickness of the wave -gu iding region ,

d.. . As d . is decrea se d the b.amwidth increase s , up to the point where- d 3 
becomes

so small that the f ields begin to spread outside the - wave-guiding region. Then

the beaawidth drops sharply. This behavior is also predicted by using the effec-

tive index approximation to  determin e an index discont inuity, arid t hen calculatin g

th. far field beawidth of a three laye r wave-guide - with this index step and a

thickness of 2w.

_ _ _ _ _ _ _ _  -
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• FIGURE S

Fig. 1. Cross section of the optical striplin e wave-guide

Fig. 2, Normalized propagation constant of the fundamental mode as a

• function of normalized stripe width

• Pig. 3. Lateral halfpower bea~~idth of t he fundamental mode as a function

of stripe width

Fig. 4
. ..gte ra: halfpove-r beami,’idth of the - fundamental mode as a function

of the index discontinuit y

• - Fig . ~~~. ...ate-ral halfpower beamwidth of the fundame ntal mod e versus the -

thickness of reg or. 3 , the - region where light ts confined.

Fig . 6. Comparison c! the method give -n in this paper for calculating the

later’a.l ~
-.a fp owr be amvid:h ~curve I) with the effective index

method (curve- )
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Evaluat ion c-f : - Ie l ect r i c  - : ‘ ptt ~ al

..ave-gu td es Fr~~ The - it Fat F ie- Ic ha a t t c ’ r  Pat: erns

t’v M. W . S~~- tt and .~‘ . K. Butler

So u t re - r r .  M e -th od~ st ~- r . tve rs  Its’

~~~~~~ Texa s 752~ 5

A.B S TRAC

An expe r imental tech n ique - Icr determin ing the chara c terist ics of

die e : t r t :  cp t l c a  wave -guide -s is presented . The- far f~ e- lc patter n of a

pas s t v e  wave -g uide exc ~ ted t’v an externa l source - is measured and compar.d

wtth  a theoret ica l pattern. The presence of spurious light i.r. t he far

ft e ld complicate-s the- neas urenent , but thIs di ffICul ty car. e minimized

f~’r many structures . Appl iCat~.c’ r t c  semiconductor laser structures is

discussed . Determining the wave -guiding properties o f aser structures

to process ing tsr res u lt It. the ea rl y detection of fa u lts for In-

creased “Ie~~ .

•Supporte -d by 
~~~. S. Army Research Office-
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1

Evaluation cf I)ie-lectric C’pt~ cal

W ave -guide -s ?rom Their Far Field Rad_ a tion Pattern s

~ielectri. optica l wave -guides are the basic ~u~~ dIng ~~~~~~~~~~ used to construct

integrated optical circuits ~~~~~~~~~~ Se~r.tconductor lasers consi st essentially of

dielectric optica l wave -guides vtth optI cal “gain ” :r. th. active region to furt~sh

light amplIfication t 3 — 7 ) .  The- properties of dt ele -c tric wave -guide -s depend on the

geome try of the structure and the index of refract Ion diaco nt inui t ies bstween the

region w ’~ere light is confined and the- surrounding regions . Device geometrical

~~mensIon$ tar. be studied using the scanning e - l e - ct re r micros cope (SDI ) end the-

index of refractio n pr o fIle car . be esti mated from publIshed data ~8), [9).

In th is paper we present an experimental technique for determining the pro—

. pert i es of certalt . optica wave -gu Ide structures. Th15 te-chri.que can be- applied

tc - semiconductor laser wafers  before the-v are cie - ave -~ to fo rm individual deivces .

Th. wave -guiding pr c ’pe - ”tIes of the structure can he- dete rmined prior to actuall y

making the dev ic e . The d e t ec t l c ’ r t f  an~ fau l ts  ~r. the w afer  at th is point would

re-su~,t in a.~ Increased vie-Id.

The exper imental apparatus used to  ex c I t e  a p r c p a ga t In ~ mod e ~r. the wave--

guIde has been used previously : C’- l ..~ . Light f r om a . .S ~~ He-Ne laser is

focused Into the wave-guide- hr a microscope objectIve. A second microscope ob—

~ective - is focused on the - output sI de of the wave -gu Ide. A camera w I t h  an infra—

red vidicon is then used to observe - the- near field of the wave-guide.

After a propagating mode- has bee-n excited , a german ium detector with a small

act ive are-a is scanned across the - far f ield , An example of a far field pattern

measured experimentally is shown vith solid limes in Fig. I. This pattern was

obtained from a mult i-lever structure-. An n—t y pe- layer of AlGaAs doped with

tellurium ii grown on a GaA s substrate - . Th is ~,v e-r has about l~, aluminum; the

next layer is GaAs lightly doped with silicon . The final layer is p— type AlGaAs

.5 
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doped w i t h  germanium with about 201 aluminum . Tr~e- :~ ic k nesscs of the various

regions are known quite - accurately from me~.surement~ w: th  the - se:.

The midd le liver , which is lightly doped GaAs , will confine most of the

~.ig h t  sInce - it is the- region w:tb t~~e highest index o f  refraction . Th e- r efrac —

t ive  index of this region can be extrapolated hot cats publ~shed prev iously

~~~ f this value is not accurate , It makes very l it t le - difference since- the-

wave-guiding properties of the - structure - are determined by the index ste-ps be—

twe-en thi s region and the other l ivers .

One other observatio n can further simplify the prob lem of obtaining a

theoret i ca l pattern tc  match tu ì e one- recorded experimentally. Since there is a

large Index s t e p between the act Ive region and the layer with 201 aluminum,

there - will be - ye-tv little light corfined to t:.is :01 aluminum layer . We can

therefore estimate the step betwee n the active reg ion and the 201 aluminum layer

c~ be 0.1 using the reference -s cited earlier (8 ,9) .

The index of refract ion profile resulting from the estimate-s given above

Is shown in Pig. . The thicknesses of the various regions are also shown . The

index step between regions 2 and 3 and regions I and 3 will have- a s ignifica nt

eff ect on the- far field patt e rn. The -se index ste-ps are labeled ~n, and An1, r.—

spe -c t lv e v . tr. Fig . 2 ,

!or give -n value -s of .1n1 and 1.r. ... the far  field pattern of a multi—layer

wave-guide with the - index profile - shown in FIg . 2 can be calculated [ 15) .

F ig. 3 shove- how the halfpower b.aaw-idth of th. f undamental mod e- of the - structure

In Pig. 1 var ies as a f uncti on of An2 for certai n values of An ] .

Th. experimental pattern diicusse-d earlier is obv ioua lv the - pattern of a fun— J
d e t ~ta1 .ode , sinc e it has only one peak . The halfpower beamwidth of the- exper-

m ent al patter n is 1.. From Fig. 3 we note that there are an infinite number

of comb inations of .n~ and An2 which would produce the- same- half power be-w idt h .

3
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Fortunately , all of these para meter values do not produce - the- sam e rad~at ~ on pat—

t~~n. For example-, tw o radiation patterns with the sane halfp ower beamwidth but

d~ffe rent shapes are show n superimposed on the exper imenta l pattern In Fig. 1.

One- of these pattern s agrees ~:th the experi menta l re-suit only at the- halfpowe r

point s, with no agreement at other points. The secon d pattern more closely matches

the- experimental pattern. The value s of An1 and .~n., resulting in this patte rn

were - found by requiring the the-orv to  match experiment at the - halfpo w e-r and 70

power pclr.t s. S~nce s~ aI. perturbations in the- parameters ~~ and An
2 

resu lt in

s~ gr. tfizant changes It. the pattern , th e parameters An . and An, have - been dete rm ined

~u Ite accu rate ly by thIs procedure.

The procedure out~.ined ahove doe-s have - cert a in l im itations , it works best or.

structure-, des Igned fo r  sl ng e mod e ~ ‘erat Io n . I .e., small act ive reg ions and sma~~
Index steps , .lr..,. Although th. metho d cat be apr~~ e-d t o  multimoded structures , ob-

taining a theoretIca l natch to  the experimental pattern is often complicated by the

presence of several modes ad ditg together to form the - aperture f ie ld.  The f ie lds

of each of these - modes must be multipl ied by complex weighting coeff icients to ac-

coun t fo r  pha se differences between the mode.. This introduces several more un-

known s into the problem, and makes the “ t r i a l  and error ” approach to pattern match-

ing w e-tv tedious.

One other potential r’roblem ii the prese nce- of scattered light in the far

fie d. This problem is miniml:.d by using an input microscope- objective with a

spot s IZe- sm aller than the t h ick ness of the- active region of the vavsguide . This

ensures that most of the light will be focused into the wav e-guide. For wave -guides

w ith very small active reg ions , this pose-s a serious limitation.

Despite - these limitations , the -re - is a wide - range of device parameters for

which th. techni que is very useful , in addition to the- layered wave-guide di.—

c ue-s ed here , the technique can also be- app lied to optical st rip line- wave -guides

and stripe geometry lasers.

~
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1.1st of il lustrations

Fig. 1. Exper imental and theoretica l far f i eld patterns for a
multi—la yer laser s tructure - .

Fig . . index of refra ction profile of the multi—layer structure
used ~n co~~ u tin g the- theoretica l far field patterns ir.
Fig. 3. Thicknesses of ayers are also shown .

Fig. 3. Halfp ov er beamwi dt h of fundamental mode- of the- structure
in Fig. ~ as a function of .4i, for certain value -i of An1.
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~eid Sch~:ior~t for the Latera ’ Modes c’

St r ’ r* f eomet ry :r~~ c~~on Lasers ’

~~~. ~~~. Delaney anc ~~~. K. 6~ t ler

E1ect ”~ca ’ Enc’neerinç Department

So~..tnerr Method’st L’ rive rsit ~
Dal’ as ,  ) 7527E

—

~~~~~ mode ~~e rt -~es c ’ st— ’pe oeomet’- ’. lasers are ana~yzed fro~ so
’
~utions

a bounde~ v tech nicue ~~
“- ‘

~~~~‘ e ,t r~ca~ ’.~ :~ es the ve ’t~ ca~ ~nd ‘~atere i mode

shaDes . Assu r’~ c a r~arabc ’~~~ ~~e~~ct ’~’c stnbut~on ~n the active l ayer .

attent ion ‘s ‘ocused or t~e latera ’ mode shapes as a funct~ or- c” active l ayer

tricknesses ; res ’tS are corvared to thcse ct’lu ned u~ inc a s~ :r~~ e HerIr~te—

Ga~ss~ar ‘~e~d. :r ~a~~~ c~i~ a” . nea f e ~ds of the twc mode ’ls are c ompa red anc

ha~ ’- powe r ‘~~~ ‘ widths c’ tne ‘~ate’-a~ ‘nt ens ’Yes  are ‘ound

F tc be greater t~ a~ Et :Or t~~i r  act~ve layer t~~cknesses . ~~~~~~~~ ~~
- . ~~~ ne~

~~~~ w~~:~ acc~~ate
’
~ ~at~nes ‘‘elcs at t~e vertica~ be te~c~~nct ’or bounG-

aries, eC~zt~ re~a~’ve)~ no~ ~~~ ~a
’ues at t e s ~~ ’~ ‘c~ t~ -~~r ac t ’ve  ~ay-

e str u:tures.
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Strioe geomet’v Al t a , As lasers have been modeled wi th a complex dielec-

t~~c constant ~r the acti ve l ayer of the for 
•1 ..4)

• 2 
- (1)

where is the complex dielectric constant at x~C end ~ Is the free space

wave n~anber . Wi t ~ t~~s :‘electric d’stributior .. modes Car be described by SifT~

pie Merinite-Gaussian unctions .~
5 Such quantities as peak active rtglon

gair and letera ’ ‘ndex changes can be estimated fror~ measuremerts o’ near!

‘a~ “elc ‘~a ‘- Dowe r ~~~~~~ ~~~ ô ~‘~~tua~ wa’st pos~tion . h owever, i f  the

‘ields are matched a~ t’~e hetercjunctlons (x~~ of Fi g. 1) ~t ~s necessa ry to

use a suninat’on a’ ‘~e’-r’ te-t~aussian ‘un ctions to describe a mode, wi th the con-

seQuence that the near and ‘a- ‘-a~’atto n ‘~eds are alteredce We briefly

co~rpare the r~a:or C’s:~e~a’~c1es wh’ch arise between uslnç a single term and a

su~I1nat1or to descr’be the ~atera ’ ‘~e1d .

Referrinc to tne geometry a’ ~iç.  ~~, a suuiinary of the field representa-

t~or. ‘o’ a syrr~et ’-’c E mode of the corr ex~(i _ t -~2~. where s - lB. is

~~(~~, v) • :  
~

cos
~
c.v

~~~
(.i ~~~~~~ ~ aI.~

’x2) ~x4 (2)

E (x , v )  • . cos ~exo - ~)(~‘ - 
~~,. - 

,~
27;,d) x > ~ (3)

* 0 a

where ~~~~~~~~ ‘or even modes , ~~~. Is the herr i te pol ynomial and ‘a is the

dielectri c constant for the sandwfchlng layers. The vertical eigenvalue , qj,

satisfies

k0
2sc 0 

,, 2 
, • k0

2a(2t.l) (4)
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The far field intensity in the lateral plane is~~

• 10cos~ e
~~

O,kosiv* )’
2 (5)

where e is the two cimens ional Fourier transform of E
~
(x ,y).

Comparison of the radiation ‘ield for matched field s to the single terir

case is accomplished with the parameter Ma in equation (1) defined
1

_____ 
4a • (2R • ‘lc /kA)’ (6)k0x0

R s 6 n / 6 9  ciii

where x•x0 ~s defined as the point at which the gain has fallen to zero, i.e. ,

6gsg
~
. 6n Is the refractive index change at x.x0.
Nume lcal solutions illustrating the differences between the two models

are presented in ~ gs. 2 and 3. in Figs . 2c) and (d) the fundamental mode

ha lf- power fu1~ w1dt~ 8 o’ vie latera l rtear-fteid Is plotted against the full

gain width 2x... for various active rec,ot thicknesses d . The small dashed lines

are ~or the sing le terir case; the solid lines are fpr the sI,Tvnation case arising

fran matching ‘lelds at the heterojunctions; and the large dashed curve corres-

ponds to the asymptot ic case as &‘large (e.c.. 1 .0 isi). It should be noted at

th* outset that the two models coincide for large active regions and display

contrasting trends as d gets small wi th less energy confined to the active

~ayer. The beanwldth I~ a soft function of 0 for the sunvnation case,

wi th B increasing as more energy is confined to the active region. In contrast,

beuwfdths for the sing le term case change more rapidl y with B decreasing

as the active layer progresses to a large thickness. These trends are graph—

Icall y exhibited In Fic . ., (b) , where B is plotted directly against 0. The

—2 .



fact that the two models coincide in the asymptotic case d’~large is Illustrated

in the exoansion coefficients, A1, used in eQuation (2). As &iarge anc all the

li ght is confined to the active layer, we find that A0:~ l , I AL .O for L~’0, and

the latera l field expression for the suiwiation case is Gaussian. As Fiç. 3(b)

Indicates, the difference In the two models is negligible for ø>0.5~ii.

The far-’ieid half power full widths ,~~, are calculated for completeness

and presented in Figs . 2 (a) and (b~ and Fig. 3 (a). Again , the two models

overlay for d>0.Sjr. A value of R”-10 6 includes a small refractive index rise

at x’x,. over the va l ue at x’O. For instance , w i th 2x0•12isii, d•O.2u’, ~~~~~
the ~eau~ gair numeric a l ly ca lcu lated f~r the sununation case is g~.l35 ciii~~~.

This is the gain required to propagate a mode w ith a modal gain G.SOcm’1 to

satis ’y radiation end losses . Thus 6n • 6c R • -0.000135.

ypi ca ’ peak gains are clotted against the active region thickness in Flg.4

for tPie case P-C,2x~~ l 2vr . The solid lines are for the suiiriation and the dash-

ed line s are for the s’ngle ten,. The d fferences in peak gain values are qu ite

notable ‘or d C.2ir . The peak gain follows sIm ila r trends for other values of

the parameter R . The more rapid rise of the gain as 0 drops in the solid curves

imp lies higher currents at tPiresnolc.

A worSt case example of the di”erence In the two models Is Ru-b 6,

2x0~l2uun, d.~~
, lur, .n•0.2. The sincle tenr near-field spot width is 29~ larger

than that ‘0’- the suvvnnation model. The single tern~ far— field width is 27%

small,’ tPilr its simnatlon counterpart.

In conclusion , a simple Kermit. Gaussian mode description of the latera l

field has the Inherent attract iveness of ana lytic simplicity , with the concomi-

tant ease of matching experimental evidence of the laser. However , the approxi-

mation loses accu racy for very thin active layers. Properly matched fields

yield an expression for the lateral field intensity which can significantly

.3.
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di’fer from a sing le term description as the active layer narrows. Resorting

to the more complicated sunmiation expression has the disadvantage in that a

computer has to be used to manaae an infinite series . When the active layer

i~ thicker than 0.25iun, It is likel y that the error in using one term for the

lateral field is not more crucial than the error unavoidable in laboratory cx-

periment.
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FIGURE CAPT IONS

Fi gure 1. Cross-section of the active region of a stripe geometry laser . The

complex dielectric constant of the active layer Is parab¼~11c in x.

Figure 2. B is the fundamentab mode half-power ful l width of the latera l near-

field Intensity . ~ is the fundamental mode hal f-power full width of the latera l

far field Intensity . 2x. is the full gain width of the active layer under the

stripe . Small dashed lines correspond to a single term representation of the

• latera l field; solid lines are for the latera l field represented by a sunmation

of Hermite-Gaussian functions ; and the large dashed lines are for the asyir~totic

case d—large (1.0 ~~~~

Figure 3. 8 and c~,,are plotted against the active region thickness d in microns.

Th, dashed line s are for the case where the latera l ‘leld is a single term.

The solid linei are for a sLmllation of Hermite—Gaussian functipn~. 2z0-l2isi.

L’l Curves are ‘or the fundamental mode.

FIgure 4. Peak gain 
~c I~ plotted against the active region thickness d in

microns for the fundam rta l and second mode. The solid curves are for a sum- J
ination while the dashed curves are for a single term representation of lateral

mode.

-6-



r~
- r

I

CONFINING
LAY ER REGION a n1,a0

ACTIVE I
LAYER d fl~X) ,Q~X)

REGION b

CONFINING REGION c
LAYER

r u .  I

— 
. ..

~~~

. *



. 12.O
• 

• (°) d .o.i mi (b)

3.6 3.6

12.0 
ne s 3.4 ~~ n~• 3.4 F

,
—

—
—
”

R .0 ~ s $ Q
s

~~~~~ 
~l,

—
_ ~~~~~ ,

_ 
,_4:4;r.-

~ 8.0 4
~ # ,

#
_~~Øf~ ,‘ /

‘
,~~~

‘
~

• /
~j~•*$

P’~

4.0 

,
,

;4
;/’

(c) (d )

I • P
8.0 i6.0 240 8.0 $6.0 24.0

2X. 2X.
FULL GAIN WIDTH ( microns )

Tie. 2



!“ ~~
‘ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~

6.0

0 A • O.9~~~m

2.0 -

4 nb.3.GL&.

I I -i I
$2.0

f l u  3.4

2X~~~ I2~~tn
C
o .~~~ R• IO
~ 8.0 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

°
— —

10~

~ 4.0 -
-j

4
L&I I • I • I
Z 02 0.4 0.6 0.8

A CTIVE REGION TH ICKNESS d (microns )

Pig. 3

- - _ _
- -



-.

1- 
~~~~~~~~~~~~~~~~~~~~~~~~~

E
t

f t ~ 
N C~+J •

‘V
N SI SI SI

I
I

Il
I I  Z

-j 1’I I
I- I l  —

* I
I I I—

W I  Ia ~__.~
_—~1 s Z

~~~~~~~~~~~~~~~~~~~~ 

•

~~~~~~~~~~~~

( 9 ~~
) 

~ NIVO )IY~ d

Pig. 4

— 
~~~~~



APPE!~DIX C

DISS ERTATI ON ABSTRACTS

— 

~~~~~~~~~~~~~~~~~~



~~~
. 

_.~~ .- 
,

Wang. Chung-Shu

5.5. Electrophysics , Ilattonal Chtao—Tung University , Ju n. 1970
?I S.E.E. , The University of blew Mexico, December 1972

ELECTROKACWETTC ?*O0f$ OP h&rjaOJUNCTIOW INJECTION LASERS

Adviser, Professor Jerome E. luti er

Doctor of Philosophy degree conferred : May 1977

Dissertatio n complet ed : January 21, 1977

School of Engineering and Applied Science, Southern Methodist University

Thi. researc h is concerned with the theoretical modeling of

hsterojunction injection lasers. Studies have been mad e on two

dimensional radiation patterns, mode r.fleccivities due to d ived

facets , transverse mode selection and the relationships between the

threshold gain and alimim concentration of various grown 1a~’srs in

the GaA.—AlCaAs device structu r e.

Two dimensiona l mod. confinement is discussed for several laser

st ructures includ ing strip , geomet ry divices. Ra d iation patterns and

mod. r .flec t iviti.s were calculated using the two d imensiona l model.

Transvers mod. selection due to a thin f ilm coating on the

laset facet is discussed .

The threshold behavior f or CV operation is investigated . The

.lum.in~~ mole friction in the active region dete rmining the u sing

aveleagth , affects the active region gain at th reshold . Laser s with

• given active region width and ind ex step have the allest threshold

gain when al~~inia fraction of the active region is th. largest ; the

peak krmctional valu , of a1~~ima canno t exceed 0.37.
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R ::j~:•:oh TIV..DS OF ~~~~~~~~~ OPTiCAL wAvz;~ID!s

Adv~ior , Professo r J ero me K. gu tl er

Doctor of Ph~.losophy degree cotf er re d : August ~~, 1979
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~~~~, experiae t~ta1 ~e :ho~ of me&suring the fa r f ie ld  radiatio n

pa z e .  cf e ectr ’.c c~~~c&~ wav.g~$des .s pr esen ed . The patte rn s

o~ th~ee-~.aver ari d f : ve - ~.aver stru cture s , ct~t &~ried using this tech nique ,

S a r , giver.. ~‘.a~~~ ing the experi mental res ~~~t s ~~~~~ ;a t te rns calculatec

uling the ~cr ’  ~f ~.av e red ‘..raveg.~.des ceterr .~.nes the geomatr~ arid index

a.’ ref r sc :ion pr of .. e cf he vive guid e .

~~~s~~er s i c i~ ara : t e ~~~s~~~cs a— ~ ra ~~ a~~~o f . e ds of an c t i ca l

~~~~~~~ wavegt.~Ld. -a~~~a :thg ~~t c f r ee  s :a . are ~alcu1ste d . The

hslfpove r beemi~ic~ r c f  the fundaaer .ta l nod’ ~.r. a ~~ane >a r a ilei t~ the

d~e~ ectr ~.c a cre i ..ec~ as an ~~~ of :~e degree of optical

conf~oe.ent under t he t~~~e .  F c t c  of t r ~e b*sa.’idth versus the

var~ cui wsv egt4d e para mete rs ind icat , the ~at aa.ter values which give

the best optical cotfinement . An approx imate , arid cosputation.l1~

e i p ~ er . m.z hod of calc~latirig this bs~~~idth is also discussed.
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aeS’a$C ~~~~~~~~ ..... .. ii U ~~~~~~~~~~ — ~~~W Ip  Iv Il.t * ~~~~~~~~— 1Th is research was concerned wIth (1) the electromagnetic mode. end (2) the
radiation pattern characteristics of contemporary injection laser structures .
The objectiv , was to investigate laser structures which can produce .t ble—
bean radiation patterns . The con t rol of lateral fields in lasers has been
accomplished with men~ novel devices such as the channeled—sub.trat.—planar,
buried heteroitructure and strip— loaded vavspuide. The drawback to the stripe
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laser is that it is laterall y unstable . Much of our work has b.en aimed at
ri~oroua ly modeling the electroma gnetic modes of strip , lasers . We hays also
applied our analysis to other lasers such as he chann eled—subst rate—plwa’
device.
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